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ABSTRACT 

Tbe object of this lesearch has been to develop a sxjitable mthema- 
tical model (computer program) for the prediction of the dynamically 
developed force under the bow of an icebreaker during (or resultiiig from) 
encounter with virtually unyielding ice. 

Eie selection of characteristics for polar icebreakers has been 
primarily based on experience. Some analytical work has been done on 
unintem^ed progress (steady icebreaking). Essentially there has 
been only one analysis of the force resulting from romndng, which 
represents the primary maxiam ca;i^bllity of a polar icebareaker. The 
validity of that particular dynamic analysis is doubtful because of the 
vise of undefined losses and an improper resolutlcai of the impact (crushing 
phase). Ho other approach has been made, until now, to the dynamic 
aspects of icebreaking. 

©ils solution is based primarily on Hewton's Laws of motion. The 
problem was broken down into two basic phases, ffive cxnishing phase 
represents the local crushing of the ice to accommodate the bow. liSie 
sliding phase represents the sllding-up of the bow without further 
crushing. Ihe final state i^resents (temporary) equilibrlvim when 
nration has stopped) the vertical force at the bow at this state is rela- 
tively sustained and is the most effective in breaking the ice. 

The predictions of ship motions, as well as the forces, ore produced 
by the coeputer program. Hiese predlcticms have been eorapared with 
obseiTred motions of a full scale polar icebreaker and have been found 
valid. 



As a result of studying the effect on the downward force of the 
various characterfstics of a polar icebreaker, the following selections 
aM uses are recommended if greater downward force is to be attained: 
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ABSTl^CT 



Tne object of this research has been to develop a suitable rtiathema- 
tical model (computer program) for the prediction of the dynamically 
developed force under the bow of an icebreal^.cr during (or resulting from) 
encounter v/ith virtually unyielding ice. 



Tne selection of characteristics for polar icebrcahcrs has been 
primarily based on experience. Some analytical work has been done on 
uninterrupted progress (steady icebrealcing) . Essentially there has 
been only one analysis of the force resulting from ramming, which 
represents the primary maximum capability of a polar icebreaker. The 
validity of that particular dynamic analysis is doubtful because of the 
use of undefined losses and an improper resolution of the impact (crushing 
phase). Ho other approach has been made, until now, to the dynamic 
aspects of icebreallng. 

Tnis solution is based primariljA on Heirton’s Laws of motion. The 
problera \-ras brok.on doTO into two basic phases. Tne crushing phase 
represents the local crusMng of the ice to accommodate the bow. Tne 
sliding phase represents the sliding-up of the bow vi.thout further 
crushing. The final state represents (temporary) equilibrium when 
motion has stopped; the vertical force at the bow at this state is rela- 
tively sustained and is the most effective in breaking the ice. 

Tne 'predictions of ship motions, as well as the forces, are produced 
by the computer program. Tnese predictions have been compared i-rLth 
observed motions of a full scale polar icebreaker and have been foimd 
valid. 

As a res\d,t of studying the effect on the do\mward force of the 
various characteristics of a polar icebreaker, the follomng selections 
and uses are recommended if greater do'i-mvmird force is to be attained: 
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Large displacement 
High Impact velocity 
Stoiall bow angle 

SEfill spread angle ccmiEdLeKent (bl\mt bow) 

Small block coefficient 
Large ^«xterplane coefficient 
Hi^ beam-to-di*aft ratio 
Low kinetic fi*ictiori 

It is vital to realize that the selection of characteristics to 
In^rove downward force leads (in almost ell cases) to a worsening of 
the thrust requirement for extraction. 

In order to reduce the probicsn of extrcctlon, without reducing the 
doiraward force, the following selections are reconmiended: 

Low static friction 

High backing bollard thrust 

Small spread cnglc corcplement 

Model tests having djnaiolc similitude may be run using geometrically 
similar models 'irlth a Froude Number equal to that of the ship at intact. 
It is necessary that the model "ice” have a congiressive failure stress 
eqxial to that of the ice divided by , 
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I iKm)Dum oH 

General 

3here exists today an increasing need for icetrealters, icebreakers 
vhich are deslgaed on the basis of good technology as veil as ex- 
perience. There is now on abimdance of experience to rely on. Hovever, 
relatively speaking, there is a shortage of analytical thought and under- 
standing of the basic laechanics of icebreaking. Itore vork along these 
lines is desired and needed. 

Icebreakers can be defined as vessels vhich are specifically designed 
to break ice. lirequently th^ serve many other purposes but for the soke 
of definlti<Mi it is best to keep in mind that the primary function is to 
be able to break ice. Furthermore, icebreakers can be categorised in 
many different ways. In the simplest sense let us divide them into two 
categories, polar and sub -polar. It is to be laplied froia this that the 
polar icebreakers are for the real heavy-duty vork. (^ration of this type 
of Icebreaker eventually means encountering ice whi<jh cannot be penetrated 
by the icebreaker. It may be because of rafting, vliere sheets of ice 
build on c»e another due to the pressures of vlnd, imter, and/or ice or 
it may be that the ice is sin^ply too thick end/or too ati^ang. There can 
quite easily be the case where the ice is a laonolitMc sheet extending 
from shore to shore in vhich case even moderate thlckncases may be 
s\ifflcient to stop progress. Snow covering can makes penetration similar 
fighting one’s way throu^ a room full o£ pillows. At any rate, any 
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polar icebreaker will eventtjally face the day when It will not be able 
to force its way throng the ice - or has already faced that day.' 

Capefellity 

Ifeturally it is very desirable to attain the greatest capability for 
a given investment. What is this greatest capabilityt It can be measured 
in many different ways depending \5>CMa the piurpose for which a given ship 
is intended. Capability for a passenger ship would be measured by dif- 
ferent standards frcxa thc^e of a tanker. Likewise the :^}st Inq^rtant 
criterion for a successful polar icebreaker is different fixm most ships j 
it is primarily the ice it is able to break through. Other items natu- 
rally take on la^rtance too such as the breadth of the channel formed 
and even the siae of the broken pieces of ice left in its wake. Most 
in^rtimt thou^ is its abilliy to iagjart a relatively sustcdned force to 
the ice in the vertical direction. 

For illustration let it be assumed that two pcAar Icebreakers exist > 
icebreakers A «md B. A.ssums that they each are about the seme general 
size, have similar propulsion means, and represent equal investments. Each 
of them perf 03 MQ& an identical ndcslon . Each of them can open up a hacbor 
in Greenland in late spring. Each of them succeeds in escorting st;^ply 
ships to Artie or Antartlc bases. Each of them is costing about the same 
to operate and each Is earning its keep, so to speak. In other words, 
to this point each is performing its mission. Bien one day they are 
assigned to the task of opening a polar harbor in mid spring. ®ie ice 
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condltions are severe. Icebreaker A can break throu^ even though it is 
necessary to ran the ice, back off and ran again, breaking away large 
sections each time. Even though the progress is not smooth end steady, 
there is progress and icebreaker A accon^iLishes its mission. On the 
other hand, icebreaker B approaches these same ice conditions and it is 
found that, even by reamaing, icebreaker B cannot break off any ice and 
makes no prepress. Icebreaker B has failed in this parti ctdar mission. 

It is not a qxiestion of partly succeeding in this mission j it is sis^y a 
question of success or failure. 

One may say that icebreaker A vas designed better since it obviously 
performed better. What made its design better t It vas able, under mnsaing 
conditions, to develop a greater downward force under the bow. It may 
seem obvious but it must be stated that since the illustrated ice condi- 
tions, whatever they may have been, were identical, the difference in the 
Ability was Inherent In the ship. 

If one were to design an Icebreaker at this point he would naturally 
diQdicate or improve the design of icebreaker A, thereby quite rl^tfuUy 
utilizing the experience gained. Along with this it would be desirable to 
understand why icebreaker A was better. To do this It would be necessary 
to understand the mechanics of what Is happening. If one were to aimd.yze 
the mechanics of the problem then it would be possible to predict the best 
performance for a given Investment. 
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Hote that the thidoaess of ice to be broken is not a necessary part 
of the answer. As any who have been engaged in icebreaking know, a given 
icebreaker laay be able to break throng ten feet of ice in one location 
whe2*e there %s not coctplete coverage or where there nay be some deteriora- 
tion. Bxe same icebreaker may not be able to break throng five feet of 
ice the same day in a different location where there m£qr be cooiplete 
coverage and the ice may be land -fast. So it is quite rdeleadlng to 
indicate that a certain icebreaker con break throfu^ a certain mmxber of 
feet of ice. To canpare the ability of one icebreaker to another it is of 
much more value to state what magnittide of relatively svistalned downward 
force can be generated at the bow as a result of ramming. Althou^ other 
items are of in^orteince also, ultimately the most important answer lies 
in that value. 

Paramerters 

It is necessary to determine how the parameters involved effect this 
answer, the downward force restlting from ramming. The problem is complex 
and is a function of the fora of the ship, the displacement, the thrust, 
the location of the center of gravUy, physical properties of ice, and 
perhaps other variables. It would seem that the an^e the stem nakes rela- 
tive to the ice and the an(^e of spread of the waterlines at the entrance 
would be iB^ortant parameters of ship form. Soa» answers wotiLd appear 
obvious at first glance. Increasing thrust and dis^acement would increase 
this downward force, but to what degree do they effect it? 
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ULtimately other (jueatioao must be considered. Let it be assxtmed 
that the bov on^e and other parametex's are chosen such that a maxLmmi 
dovmward force would exist. If the ice does not yield, except locally, 
the velocity will beconse zero, the ship will have reached its farthest 
point of sliding on the ice. Is the static friction at this point so 

great that the ship cannot back off? This is obviously an in^rtant con- 
sldearation and limitation to free choice of parameters. 

^ble I lists most of the icebreakers constructed. Although not oil 
of theaa are to be eonsldtered polar icebreakers, it is interesting to note 
the relatively large variation in the selection of parazaeters. In recent 
years there has been a strong teoiency to set the bow angle at or near 30^* 
The bow angle is the an^e from the design waterline to the stem. This 
choice is based on one, and only one, good reason; it has worked. It is 
interesting and significant to note that there has never been an analytical 
attesnpt to ,3^tify this choice. 

Mechanics of Icebreaking; Ter^ 

Soc» discussion of terras to be used is in order. Bie methods of 
breaking ice wildi an icebrealcer can be e3q>ressed fundamentally in two ways. 
The bow of an Icebreaker is sloped so tlrait there is a downward coc^wnent 
of force produced on the ice. It is this vertical component which is 
effective in breaking the ice since the ice is significantly more vul- 
nerable to a force applied in this direction, particularly when sustained. 
The hori 2 »ntal component, even the horizontal wedging action is no whore 
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TABLE I CHARACTERISTICS OF VARIOUS ICE-BREAKERS 



Netme 

Hom i>ort 

Year built 
Where built 

CHARACTERianCS 
Gross tonneige, registered 
Net tonnage, registered 
Length, overall 
Waterline length 
Maximum beam 
Waterline beam 
Depth, molded to weather deck 
Normal draft, d 
Maximum draft 
Normal displacement, tons 
Maximum displacement, tons 
Stem angle to waterline 
Angle of normal to bow plating 
and z plane 

Flare amidships at waterline 
Con^ilement 
Speed, knots 
HULL OOEJTTCrENTS 
Block 
mdshlp 
Waterplane 
Longitudinal 
L. 0. A. /B, maximum 
L. W. L. /B, waterline 
d/B, waterline 

V (ife-)' 

PROPELLING MACHINERY 

No. shafts 
No. forward 
No. aft 

FORWARD ENGIgES 
Horsepower, normal 
Horsepower,® forced .*]* 

R.P.M. 

AFTER ENGINES 

Horsepower,^ normal 1200 

Horsepower , forced 1793 

R.P.M. , normal/maxliiium 83 

Total horsepower, normal 1200 

Total horsepower, forced 1793 

Cruising radius 2300 

Ballast punq>s 

Itotal capacity, tons per hr. II50 

Capacity of trimming tanks 
Ihlckness of ice belt platlng,in. . ! . 
Jl^e spacing 
LCF aft of FP 



Murtaga 

Helsingfors 

1890 

Stockholm 



676 

156 *-0” 

137* -5 1/2" 
36 '-0 0/3" 
35 ’-4" 

24 • -11 " 

15 ‘-7" 

18 *- 1 " 

825 

900 

330 



10° 

28 

12.5 

0.382 



33 

3.89 

0.441 

317.4 

Steam 

reclp. 

1 

0 

1 



Stadt 

Reval 

Reval 

1895 

Stettin 



576 

43 

148* -8 1/2" 
147 *_3 3/4" 
38 * - 11 ''^ 
37*-l" 

18 *-7 1/2" 

l4*-0" 

« • • 

865 

1600 

30° 



11.5 

0.396 



3.82 

3.97 

0.378 

270.7 

Steam 

reclp. 

1 

0 

1 



1600 



1600 



1 

1000 



Isbrytaren Trouvor Nadeshnij Gaidamak 
Gothenburg 
1895 

Gothenburg 



568 

290 

139 '-9 1/2" 
134 ‘-0" 

35 '-6" 

39 ’-0" 



18 '-10' 
• • • 

720 

1300 

310 



110 

21 

12/12. 6 

0.410 



3.9^^ 

3.9^ 

0.554 

299.2 

Steam 

reclp. 

1 

0 

1 



1200 

1449 

102 

1200 

1449 

1100/1750 

1 



Kronstadt Vladl - 
VOS t ok 


BLzerte 


1896 


1897 


1896 


Copen- 

hagen 


Copen- 

hagen 


Kiel 


'999 


1212 


724 


176 


258 

192 '-0" 


99 


l66*-o" 


198 '-7" 
163 '-0" 


161 *-5" 


180 *-o" 


4 o'- 3” 


42 ’-n" 


42 ' -0 " 


42*-0" 


4l'-6" 


42*-0" 


22*-3” 


24* -5" 


l8*-0" 


18 '-9" 


17' -9" 


12* -2" 


♦ • • 


21'-0" 


l6'-0" 


1450 


1700 


1030 


2000 


2170 


1065 


25° 


30° 


30O 


• • • 

38 


• • • 

6 


• • • 

39 


9.5/13 


10/14. 4 


11.5/13 


0.430 


0.443 

t 


0.438 


4.12 


4.48 


4.73 


4.14 


4. 29 


3.93 


0.481 


0.422 


0. 296 


344,9 


291.5 


237.8 


steam 


Steam 


Steam 


reclp. 


reclp. 


reclp. 


1 


1 


1 


0 


0 


0 


1 


1 


1 



2000 

2600 

no 

2000 

2600 

noo/2200 

1 

1000 

4oo 



2475 

3530 

95/106 

2475 

3530 

1560/2040 

1 

1000 

4000 



1300 
1940 
83/9^ 
1300 
1940 
« • • 

1 

1000 



• • 



a - Indicated horsepower unless otherwise stated 



Sampo 

Helsing- 

fors 

1898 

New- 

castle 

1339 

91 

202 ‘- 0 " 
191* -6" 
43*-0' 

42' -0" 
29*-5" 
18* -3" 

1850 

• • • 

2 . 2 ° 



• • • 

43 

10/13 

0.441 



4.70 

4.56 

0.435 

263.4 

Steam 

reclp. 

2 

1 

1 

1200 

1417 

90/97 

1300 

1635 

80/86 

2500 

3052 

l404 

1 

700 

• • • 

• • • 



Baikal 


Apu 


Lake 


Helsing- 


Baikal 


fors 


1899 


1899 


New- 

castle 


Kiel 


• • • 


568 


• • • 


326 


290 *-o” 


l44*-o" 


57'-0" 


141* -9 1/4 
35* -6" 


• 00 


34*-0" 


28* -6" 


0 0 0 


• • • 


l8*-o" 


0 0 0 

4200 


• • • 

000 


• • • 


900 


• • • 


20° 



Erraack 



Lenin- 

grad 

1899 

New- 

castle 



4955 

2357 
320 '-0" 
310-7” 

71 '-6" 

70 '-1 1/2" 
42* -6"^ 
24 '-o" 
28 *- 0 " 
7875 
10,000 
220 



Tarmo 

Helsing- 

fors 

1907 

New- 

castle 

157^^ 

173 

220'-l" 

210 *-5” 
^^ 7*-0 1 / 2 " 
46 *-5" 

l8l'2" 

« • • 

2300 

• • • 

200 



Feodor 

Idtke 

Arch- 

angel 

1909 

Barrow-in 

Furness 

2375 

930 

265’-o" 

250'-5" 

47 ' -n " 

47 '- 6 " 

26* -6" 

16* -9" 

22 '- 6 " 
2570 

4600 

520/70° 



5.09 



Steam 

reclp. 

3 

1 

2 



• • • 



• • • 


20° 




3 1/2° 


23 


112 


• • • 

43 

13 


12/16 


14 


000 

18.5 


0.323 


0.527 


0.454 


0.452 


4.06 

4.17 

0.529 


4.48 

4-43 

0.342 


4.68 

4.53 

0.391 


5.53 

5.26 

0.353 


280.8 


262.9 


246.9 


164.5 


Steam 

reclp. 

1 


Steam 

reclp. 

4 


Steam 

reclp. 

0 


steam 

reclp. 


0 

1 


1 

3 


a 

1 

1 


2 

0 

2 



• • • 


2500 


0 0 0 
0 0 0 


3000 

0 0 0 


1350 

1600 


7500 

9000 


84/90 


105 


1350 


10,000 


1600 


12,000 


# • • 


10,650 


* « # 


1 


. . . 


600 


* • • 


502 


• • • 
« • • 


1 1/4" 
12"^ 



1300 




1660 


0 0 0 


89/102 


0 0 0 
0 0 0 


2200 


7000 


2190 


7580 


89/102 


125 


3500 


7000 


3850 


7580 


1250 


1665/2775 



1 

250 



Chief 

Wawatam 

Muskegon 

Mich. 

19U 

Toledo, 

0 . 



2990 

1793 

338 '-10" 
62 * -0 " 
20*19" 



Steam 

reclp. 

3 

1 

2 



4500 



• • • 



L> 
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TABLE l(cont) CHARACTERISTICS OF VARIOUS ICE-BREAKERS 



Nome 

Home port 

Year built 

Where built 

CHARACTERISTICS 

Gross tonnage, registered 
Het tonnage, registered 
Length , over^l 
Waterline length 
Maxlmtim beam 
Waterline beam 
Depth, molded to weather deck 
Normal draft, d 
Maximum draft 
Normal displacement, tons 
Maximum displacement, tons 
Stem angle to waterline 
Angle of nomal to bow plating 
and £ plane 

KLare amidships at waterline 

Complement 

Speed, knots 

HULL COEFFICIENTS 
Block 
Midship 
Waterplane 
Long! tudlnal 
L. 0. A. /B, maximum 
L. W. L. /B, waterline 
d/B, waterline 




Jaakarhu 


N.B. 

McLean 


Store 

BJom 


Helsing- 


Ottawa, 


Copen- 


fors 


Canada 


hagen 


1926 


1929 


1931 


Rotterdam 


Halifax 


Aalborg 


2622 


3254 


1393 


« • • 


1171 


509 


263 *-o” 
246 *-o” 


- 277 *-o" 


196’ -10” 


26o’-o” 


180 '-5 1/4 

49 ’-4’' 


63 '-1" 


60 ’-4” 


60'-2 1/2” 


• • • 


46 ’-10 3/4 


31 ’-10” 


31’-0" 


23' -11 1/2 


21 ’-10" 


19'-6” 


18 '-2 1/2” 


• • • 


• • • 


10-0 1/4" 


4850 


5034 


2500 


4900 


• • • 


0 0 0 


25° -30° 


• • • 


24° 


20° 


• « • 


11° 


47 


• • • 


45 


13.5 


* • 0 


13.5 


0.525 


000 


0.568 


0.789 


000 


0.848 . 


0.741 


000 


0.734 


0.645 


0 0 0 


0.628 


4.17 


4.59 


3.99 


4.09 


000 


3.85 


0.363 


0 0 0 


0. 388 


325.8 


286.4 


425.6 



Yiner 


Gota 

Lejon 


J. Stalin 


Stock- 


Gothen- 




holm 


burg 




1932 


1933 


1937 


Mai mo 


Gothen- 

burg 


Leningrad 


3053 


1355 


0 0 0 


535 


151 


0 0 0 


257 '-10 V8 183 '-8 3/4” 350 ‘-0 


246 '-0 1/4 
63 '-4” 


173 ’-10 3/4” 335 '-0 


49 ’ -5 ” 


' - 76'-o" 


61 '-0 1/2" 


46'. 11" 


74'-6” 


33’-0”^ 


28 '-2 5/8” 


30 ’-0" 


21 '-0" 


20'-0” 


26’-3" 


• • • 


• • • 


29'-8” 


34^ 


1900 


9300 


4350 


* « • 


11,000 


25 0 


23° 


30° 

47.8 


18° 


20° 


42 


30 


142 


14/15.87 


0 0 0 


15.5 


0.384 


0.408 


0.498 


0.801 


• • • 


0 0 0 


0,725 


• • • 


0 0 0 


0.593 


• • • 


0 0 0 


4.07 


3.75 


4.61 


4.03 


3.71 


4.50 


0.344 


0.426 


0.352 


232.6 


361.3 


247.4 



PROPELLING MACHINERY 


Steam 


Steam 


No. shafts 


reclp. 

3 


recip, 

2 


No. forward 


1 


0 


No. aft 


2 


2 


FORWARD ENGINES 


Horsepower, normal 


2530 


0 0 0 


Horsepower, forced 


3000 


0 0 0 


R.P.M. 


130 


0 0 0 


AFTER ENGINES 


Horsepower , normal 


5310 


6500 


Horsepower,^ forced 


6000 




R.P.M. ,normal/maximm 


117 


105 


Total horsepower, normal 


7840 


6500 


Total horsepower, forced 


9000 


# # • 


Cruising radius 


2950 


# # • 


Ballast puir^s 


7 


1 


Total capacity, tons per hr. 


1900 


900 


Capacity of trliWng tanks 


750 


0 0 0 


Thickness of ice belt platlng,in. 


• • • 


0 0 0 



Frame spacing 



Steam 


Diesel 


Steam 


Steam 


recip. 


electric 


recip. 


recip. 


3 


3 


2 


3 


1 


1 


1 




2 


2 


1 


. . . 


1800 


3000 shp 


1300 


0 0m 


• • • 


3300 shp 


1500 


0 0 0 


125 


155 


140 


0 0 0 


3600 


6000 shp 


2500 


10,000 


0 0 0 


6600 shp 


2500 




100 


l4o 


120 


125 


5400 


9000 shp 


3800 


10,000 


# # • 
• # • 


9900 shp 

0 0 0 


4000 

• • * 


00m 
• 00 


... 


1 


1 


4 


• # # 


200 


1800 


1755 


m 0 0 


330 


283 


1791 


• 00 


1" 


• • • 


1" 


00m 


24” 


0 0 0 


20" 



a Indicated horsepower unless otherwise stated 



b Ice -breaking or towing 
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Si su Raritan 



Cactus 



St oris 



Helsingfors Philadelphia, Boston, 

_ Mass. 

1-938 1939 1941 

Kelslng- Bay City, Duluth, 

fors Mich, Minn. 



I6l0 

210 ‘ - 6 " 
19U*-9" 

4-7 • -6" 

46'-6" 

18 '- 6 " 

l6'-0 1/2 

2000 

24° 



uo'-o" 

105'-o" 

26'-5" 

25*-0" 

14 '-11 5/8” 
10 '- 6 '’ 
Il'-O" 

328.6 



l80'-0” 
170 '-0" 

37 ’-0" 
35*-0” 

17 '-4 3/4” 
12 ’-0” 
12 '- 8 ” 

940 

1025 

30 ^ 



Boston, 

Mass. 

1941 

Toledo, 

0 . 



230 '- 0 " 

220 *- 0 " 

43’-0" 

4l'-o" 

l9’-3 1/2” 

l4’-0" 

l4’-io" 

1760 

1864 

30° 



North - 
wind 
Boston, 
Mass. 

1944 

San Pedro, 
Cal. 



269 * -0 " 

250 '-O" 

63 ’-6" 

62 *-0" 

37 '-9 1/2” 
25 '-9" 

29 ’-1” 

5300 

6515 

30° 



Macki- 


Canadian 


naw 


Car Perry 


Cheboygan, 


Charlottetown 


Mich. 


P.E.I. 


1944 


1945 


Toledo , 


Sorel, 

Que. 


• • • 


7000 


• • • 


4500 


290 '-0" 


372 '-6” 


280' -0” 


348 '-o” 


74-4” 


61 '-0” 


70-0" 


• • • 


28 ’-0 3/4" 


24 ’-9" 


19’-0” 


19'-0” 


• • • 
514 o 


• • • 
• • • 


• • • 

30° 


• • • 
* • • 



100 

16 

0.482 



4.43 

4.18 

0.345 



20 ° 

16 

12.3 

0.417 

0.728 

0.738 

0.578 

4.16 

4.20 

0.420 



20° 

47 

13 

0.457 

0.817 

0.728 

0.558 

4.87 

4.86 

0.343 



20^^ 

103 

l4 

0.478 

0.835 

0.761 

0.572 

5.35 

5.37 

0.341 



270.8 


283.9 


191.3 


165.3 


Diesel 

electric 

3 

1 

2 


Diesel 

electric 

1 

0 

1 


Diesel 

electric 

1 

0 

1 


Diesel 

electric 

1 

0 

1 


1335 shp 


• • • 


• • • 


• • • 


* • • 

160 


0 0 0 
0 0 0 


• • • 
• • • 


0 0 0 
0 0 0 


2670 shp 


1000 shp 


1000 shp 


1800 shp 


000 

l4o 

4005 shp 


• • • 

236 

1000 shp 


• • • 

170^ -208^^ 

1000 shp 


1^^-195C 

1800 shp 


• • • 
• • • 


• • • 

1800 


• • • 

10,000- 


\ 

0 0 0 

10,000 


• • • 

0 0 0 

150 

1” 

15 3/4” 


1 

57 

20 

3/4" 

20" 


1 

17 

22 

3/4" 

21" 


1 

17 

72 

7/8” 

21” 



20 ° 

145 

16 

0.4^ 

0.752 

0.724 

0.618 

4.24 

4.03 

0.415 

339.2 

Diesel 

electric 

3 

1 

2 



20 ° 

132 

16 

0.497 

0.812 

0.728 

0.612 

3.90 

4.00 

0.271 

234.1 

Diesel 

electric 

3 

1 

2 



3333/0 

• • • 

140-210 

6666 / 

10,000 

105^-145^ 

lO'^OOO Ghp 

10,000 

10*^ 
full power 

9344^ 

717 

1 5/8” 
16”^ 



3333/0 

• • # 

175-200 

6666 / 

10,000 

136^-170° 

10,000/ 

10,000 

• • • 

10,800 

full power 
?d 

12.459^ 
1541 
1 5/8" 
16”^ 



• • • 

16.5 



6.11 



Diesel 

electric 

4 

2 

2 

5600/2400 



5600/ 

7200 



• • • 

11 , 200 / 

9600 



15 



II 



c Running free. 



Heeling pun5>s 



f 
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TAH.E I (cont'd) CHARACTERISTICS OF VARIOUS ICE-BREAKERS 



Name 

Home port 

Year built 
Where built 



Petr 
VelikiJ 
Riga 
(Sunk in 

1915) 

1912 

Gothenburg 



CHARACTERISTICS 


Gross tonnage, reglstei'ed 


1267 


Net tonnage, registered 


427 


Length , overall 


182 '-1" 


Waterline length 


170* -7" 


Maximum beam 


5i'-o" 


Waterline beam 


48'-6 5/8 


Depth, molded to weather deck 


27'-5" 


Normal draft, d 


19 '-1" 


hfeodmum draft 


21'-4" 


Normal displacement, tons 


1610 


hfcodmum displacement, tons 


1953 


Stem angle to waterline 


30° 


Angle of normal to bow plating 
and fi plane 


Flare amidships at waterline 


20° 


0on5)lement 


60 


Speed, knots 


14.4 


HULL COEFFICIENTS 


Block 


0.357 


Midship 


0.708 


Waterplane 


0.723 


Longitudinal 


0.533 


L. 0. A. /B,maxlmum 


3.57 


L. W.L./B, waterline 


3.51 


d/B, waterline 


0.393 




324.4 


PROPELLING MACHINERY 


Steam 


No. shafts 


recip. 

2 


No. forward 


1 


No. aft 


1 


FORWARD ENGINES 


Horsepower, normal 


1000 


Horsepower,* forced 


1255 


R.P.M. 


220/286 


AFTER ENGINES 


Horsepower, normal 


2200 


Hors epower , fore ed 


2660 


R.P.M. ,normal/maxlnrum 


130/143 


Total horsepower, normal 


3200 


Total horsepower, forced 


3915 


Cruising radius 


1600 


Ballast pumps 


2 


Total capacity, tons per hr. 


2400 


Capacity of trimming tajiks 


700 


Ohickness of ice belt plating, Inc. ... 


FJpeme spacing 



Salnte 


Suur 


Isbry 


Pollux 


Mikula 


Marie 


Tool 


taren II 


Selianinovltch 


Muskegon, 


Reval 


Stockholm French 


Cherbourg 


Mich. 

1913 


1914 


1914 


(mine layer) 

1915 


1916 


Toledo, 


Stettin 


Stock- 


Newcastle 


Montreal 


0. 

2383 


2417 


holm 

1651 


1613 


3165 


1620 


822 


329 


653 


2042 


267 '-4" 


247 '-4 1/2" 


200'-0" 


210'-0" 


292 '-0" 


252'-0" 


236 '-4 1/4" 
57'-!"^ 


190 '-7" 


198'-! 1/2 


" 275 '-0" 


62'-o" 


55 '-10' 


’ 50 '-6" 


57 ' -5 " 


54'-8" 


56 '-1 1/4" 
22 '-10"^ 


52 '-6" 


• « • 




25 '-0" 


28'-8 1/2" 27' -6" 


32 '-6" 


l4'-o" 


18-7 5/8" 


20 '-8 5/8" 19 '-10" 


l9’-3" 


• • * 


'18' -9 


21 '-6" 


* * • 


0 0 0 


2567 


3562 


2350 


3100 


0 0 0 


• # • 


3622 


0 0 0 


4830 


0 0 0 


• • • 


I80 


20° 


• • • 


0 0 0 


• • • 


# * • 


240 


• • • 


0 0 0 


27 


65 


' 41 


100^ 


90 


• • • 


12/14 


13.4 


i4 ” 


15.5 


0.479 


0.505 


0.397 


0 0 0 


0 0 0 


• * ♦ 


« • • 


0.755 


0 0 0 


0 0 0 


• • • 


• • • 


* • • 


0 0 0 


0 0 0 


# # • 


• • • 


0.530 


0 0 0 


0 0 0 


4.31 


4.33 


3.58 


4.16 


5.09 


4.61 


4.21 


3.63 


• • • 




0.256 


0.332 


0.395 


0 0 0 


0 0 0 


152.8 


269.8 


339.5 


0 0 0 


0 0 0 


Steam 


steam 


steam 


Steam 


Steam 


recip. 


recip. 


recip. 


recip. 


recip. 


2 


3 


2 


2 


2 


1 


1 


1 


0 


0 


1 


2 


1 


2 


2 


« « « 


1500 


800 




0 0 0 


. . • 


2300 


1200 


• • • 


0 0 0 


•00 


120 


220 


0 0 0 


0 0 0 


0 0 0 


3000 


1800 


4000 


8000 


0 0 0 


4600 


2500 


4300 




0 0 0 


100 


130 


105 


100 


2500 


4500 


2600 


4000 


8000 


0 0 0 


6900 


3700 


4300 




0 0 0 


2920 


1600 


• • • 


0 0 0 


0 0 0 


• • • 


2 ballast 


• • « 


0 0 0 


•00 


• • • 


1 salvage 

925 


r 

• # • 


0 0 0 


11A6" 


• • • 
• • • 


• * • 
• • • 


• • • 
• • • 


0 0 0 


15" 


• • • 


• • « 


• • • * 


0 0 0 



-2k- 



Leonld 

ICracin 

Kron- 

stadt 

1917 

New- 

castle 



Stepan 

Moliarow 

Arch- 

angel 

1917 

New- 

castle 



Lenin 

Kron- 

stadt 

1917 

New- 

castle 

3828 
1310 
281 *-0" 

273*-0" 
63 ’-10 

31’-ll" 
19'-0" 
20 '-6" 
5074 
5620 
180 



5105 2372 

2246 O85 

323* -3" 248’^" 

297 *^" 238'-o" 

71 ’-0" 97 '-0" 

70 ‘-6 1/2” ... 

4l*-4 1/2" 30 ’-4" 
26*-0 1/4" 22 '-0" 
30*^ 1/2" ... 
8730 4570 

10,620 4^)0 

250 ISO 



II 



Vioma 

Jlclsing- 

fors 

1917-1924 

Helsing- 

fors 

1510 

210 • -7 " 

200 *-10" 
46' r7" 

45 '-10 7/8 
18 '-9" 

16 '-9" 

• • • 

2070 

2180 

230 



Isbjom 

Copen - 
liagen 

1923 

Copen- 

hagen 

978 

358 

170 ‘-7" 
156 '-2" 
40*-2 1/2" 
39 '-4 1/2 
21'-0" 

18 '-6" 

20 '- 6 " 

1330 

1670 

20 ° 



Krlsjanls 

Valdemars 

Riga 



1925 

Dolniuir 



1932 

757 

196' -6" 
185 '-O" 

55 '- 10 " 
54 '-o" 
28 '-6" 
22 '- 0 " 

2800 

33°* 



Atle 

Stock- 

holm 

1926 

Gothen- 

burg 

1777 

257 

204 '-t" 
194 '-7" 
55 '-9" 
53 ’-2" 
28 '-9" 

19‘-8" 

20 '- 8 " 

2464 

2740 

240 



20° 


15° -20° 


15° -18° 


15° 


190 


• • # 


118 


44 


15 


15 


16 


l4 


0.562 

• • • 

• • ♦ 


• • • 
• • • 


• • * 
• * • 


0.469 

• • • 


• • • 

4.55 

4.21 


4.35 


0 0 0 

4.*4o 


• • • 
• • • 

4.52 


0.369 


« • • 
*00 


• • • 
* • • 


4.37 

0.365 


333.2 


*00 


/ 

• • • 


255.5 


Steam 


Steam 


Steam 


Steam 


recip. 


recip. 


recip. 


recip. 


3 


3 


3 


2 


0 


1 


1 


1 • 


3 


2 


2 


1 



• « • 


I7O 


16° 


30 


48 


45 


12.5 


15.2 


15.5 


0.409 


0.446 


0.424 


• • • 


• • • 


0.733 




• • • 


0.662 


• • • 


• • • 


0.571 


4.37 


3.52 


3. 66 


3.97 


3.43 


3.66 


0.470 


0.407 


0.370 


350.6 


442.2 


334.4 


Steam 


steam 


Steam 


recip. 


recip. 


recip. 


]. 


2 


2 


0 


1 


1 


1 


1 


1 



1550 

. . . 1900 

115/140 

10,000 4000 

4700 
90/105 

10,000 5550 

• . . 6600 

4250/8700 1600/4900 
5 



1000 




2500 

2600 



5000 

5400 

• • • 

7500 

8000 

2150/3800 

1 



700 



1 1/4" 
12"^ 



1100 


0 0 0 


1500 


1400 


1280 


000 


1500 


2000 


l 46 


0 0 0 


263 


85/105 


2600 


2500 


' 3700 


2600 


2870 


3000 


4000 


4000 


in 


90 


122 


100/125 


3700 


2500 


5200 


4000 


4150 


3000 


5500 


6000 


1625 


• * * 


• • • 


2000 


1 


• • • 


2 


1 


500 


• • • 


1800 


3600 



• • • 



I (ront’-i) 'M/Mv\CiV.PJ TIC . 7/.J(>US 



Nome 


Eibci’\i.] le 


C .pi tax. 


j] acier 


Lenin 


MrcD^na.’’ ' ' 


C' ■ ' 




Canada 


Clars 








n: 


Home port 


Canada 


ir \R 


USA 


USoR 


Canada 


P 


Year built 




^9 4 




If*'' 


Iryo 


T y , _ 


Wliere built 


Lnrzon 


Hel sinful 


Pnsca- 

go'da 




Lauzon 


le’’ s inski 


CIIARACTERi^TIC; 














Cross tonnage, "e^^istered 
I^et tonna£;e, roistered 
Length , o ve rail 


310 ' 


dY:9 


;p' " 


u'l* ) ' 


3l ' 


391- * 


Waterline length 


son' 


jJ ' 


O. 1 


'120* 


30 f* -3" 


'w 3'-^" 


Maximvan beam 




( ” 


’4' 




d)* 


■■ 


Waterline 1 orc-i 


1 


( ^ » 


72*-' " 


9)’ 


^9 


^9' 

4d' 


"tentii, nolued 


’UD*-:," 


1 


. 1 




4l* 


Ho mol draft 
Moclmun tu'ait 




. I 


'■ ) ' 


;) ’ - T’ 


29' 




Homal disnlacer.er.t , wOns 
Maxirniijn fj.sr>lacenen tutors 


.930 


.0 


' • r*. ' 


*• ( , .01 




T ,■) H 


d)tera angle to ’/ritcrlir.r 
/ngle nor^.al to low ’fating 






) 

). “ 


,o 


o 


26 ^ 


and nJav.c, leg. 




.o 






Vg 


Hare amldcuips at ‘.rtteri ire 


u 


o 




o 


n 


Complcme.' .t 


1 


’ ' 


) 


0' ) ) 


n 




Spec’d, hnots 
HlloL C'lEFt’ICIEI.T.: 


i4.' 




1 '. ^ 


•t 


j ■ 




El.ocfC 


9 




, ■ '• 


. 4 i 




). 2 


Midsliip 


. >4 










1. 


Vfeterplane 
Longitudinal 
L , U . A . / E , riaximum 
L,VLL./B, \/aterline 
d/B, ’./aterline 


3.r 




. ) 


4. 




0.* 
















PROPELLItJG IWa-aiERY 


steam 


Diesel 


Diesel 


!3 cl ear 


D: erel 


Diesel 




Rccip. 


Elect. 


E2 ect . 


'Tirl o-c? ect. 


, Elect. 


Elect. 


No. shafts 














No. fon.’ard 


- 


2 


- 


- 


- 


- 


No. aft 

K)RWARD ENGirip 

Hors€?pover,^ noirniol 
Horsepower, forced 


2 


2 










R.P.M. 

AFTER ENGINES 














Horsepower , normal 


10, too 




21.000 


19 . Oov 






Horsepov/er , forced 
R . P . M. , normal / recciim m 


lU'/ 


120/ 


ir ■' 


\ c 2 y v. 


'■ 13^ 17 ' 




Total horsepower , no inal 
Total horsepower, forced 


10,30'! 




21,000 




,^^00 


, . V 1 


Cindsing radius 
Ballast pvmips 


12,000 






nl im. 


20 , Y)o 


T . >J 


Total capacity , tons/ ! r. 
Capacity of trimming tanks 
Thickness of ice belt plating, in, 
Fi-ane spacing 
LCF aft of EP 






T, 1 


:2 cst 












' I 


• 4', est 







Tills table is based on references (l),(2),(j). and (4). 
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near as effective since tlie stonictuisl slmpe of the ice is such that it 

can vithstand tremendous forces in this direction. As an illustration of 

this, if one desired to break a pane of glass he vould apply a force 
% 

normal to the plane (causing a bending raoment) rather than apply a force 
against the edge in the plane of the glass. 

In the sixapler condition of uninterrupted progress, steady state, the 
icebioaker moves along maintaining a relatively constant velocity. Except 
for minor variations it can be considered that there are no ewceleratlons 
involved. The other fundamental method is ramming. This is wheare the 
icebreaker backs away from any contact with solid ice, proceeds forward 
so that there is a forward velocity at the time of initial contact and 
strikes the ice with its sloped bow. The bow rides \xp on the ice and a 
force is generated acting against the Ice. Some of this force is the 
result of the thrust being applied by the propulsion; the rest of it is 
the result of converting the klssetic energy before iii^ct to potential 
«iergy. The two laethods then are unlntramipted progress, where ai^ 
occeleratlcm is negligible, and ramming, where the acceleration (negative) 
is extremely isg;x>rtant. All actual icebxeaMng is done by one of these 
two methods or by socwthlng in between these two extremes. It should be 
apparent that ramming will lead to the greater foiee developm«it since 
uninterrupted progress is, in a sense, a ndnimum ramming situation where 
the accelerations have reduced to zero. 
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Methods 

Meijy methods of IcehreaJcing have been utilized xjlth vaiylng degrees 
of success. earliest account of deliberate Icebreaking vas contained 

In renm‘ks cKide by a British Rear Admiral in IO65. (5) have had two 

years catperience in raamlng the ice. Our vessels had long oblique over- 
hanging stems to lift the bow over the Ice. We struck the floe ice of 
about six feet in thickness, end-on > a man at the bowsprit end dropped 
down on the ice and placed a boarding pike as a mark idiere the blow was 
given. ®ie vessel backed astern, and then ran directly for the mark which 
had been placed on the ice; the man who was standing by the cradc thus 
made picked up his boai^ng pike and jdaced it on the edge of the crack, 
so that the vessd. nd^t be steered directly for it again, and the third 
time the ice oi>ened and the steam t«xder towed the ship through; such was 
the constant practice. ran the vessel's nose dead onto the ice 
and did the ice more injury than the vessel, for the vessel never was in- 
jured during several years of such service. ” It is Interesting to iu>te 
that this very first account was of ramming. Perhaps the object of this 
present research could be stated more succinctly in the words Belcher 
\ised, "Do the ice more injury than the vessel".' 

V Prior to breaking ice tising iron-dads another method had been used on 
occasion. (6) Ships wodd become beset in harbor ice end it became 
necessary to free them. Men ^lould he recruited from the city in gangs of 
fifty to two hundred and they would be equipped with pikes and saws. With 



♦ number Indicates literature citation of Appendix D. 
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these tools they vo^lld clear a i>ath from the ship out to open water. 

Even today one of the more ohvloxis methods of getting from one side 
of an ice fielS. to the ottier is used. Go around, or at least minimize the 
contact with ice hy following leads in the ice field. Even the largest of 
icehreahers is operated with that discretion. 

Another method has heen vised with some success, particularly on 
icebergs. Sections of the ice have been painted black using soot or some 
form of paint. These colored sections will absorb the heat very quickly 
and melting takes jilece relatively rapidly in these areas. 

Althou^ quite expensive, it has been found that firing torpedoes 
under the ice will either bi'esk it coajpletely or at least make it rela- 
tively easy for an Icebreaker to penetrate. (?). 

Most polar Icebreakers carry explosives to use on the ice. Their 
effect on hummocks or very solid ice is ectttally quite limited. However, 
when an Icebreaker becoraes stuck after ramming the ice an explosive charge 
may have the very beneficial effect of jarring the ship and the ice enough 
to allow the ship to break free from the grasp of static friction and ba<k 
off. 

The Russians have utilized streams of water at the bow at great 
pressure to break and destroy the ice. They have found Ikis more suitable 
than torpedoes. (8) 
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One of the most im\isual and interesting approaches to the problm 
has been tried by the Russians and •was published in an official irjagazlne 

of the U. S. S.E. . ( 7 ) "An underwater explosion accompanied by an exceptionally 

% 

bri^t beam of li^t acts particularly s-fcrongly on ice. Very strong 
li^t, arising throu^ water into ice, produces in it many tii^ cracks. 

!IMs was obsesrved by the •well -known Ski^ish Bhyslcist ^i^ndall more than a 
hundred years ago. Bie li-fctle cracks lower -the solid! -by of the ice to 
such an extent that, passing throu(^ the ice after the li^t, the shock 
•wB've of the ej^osloa relatively easily magnifies the crocks and destroys 
the ice. " 

Although seemingly irrelevant, other less scientific approaches have 
been •tried. In the •winter of early 1959 on icebreaker •was attempting to 
escort a small ice-protected tanker into a harbor in Newfoundland. !Hxe 
ice "was quite solid and reached from shore to shore across the bay. The 
icebreaker was re^atedly rammed into and onto the ice. Heeling tanks, 
triuBUing tanks, and ejqiLosives wre used. After one full day of frustra- 
ti<ai the progress could easily be measured in inches. The Commanding 
Officer decided -fco s-fcop and relax for the ni^t. TTne -tanker was bro-u^t 
^ astern and all hands joined in one massive bingo game, which lasted for 
most of -Uie ni^t. When light appeared the following morning it -was 
quickly noticed that during the ni^t a lead had opened up all the -way from 
•the ship to the dock. The icebreaker and the "banker contlnvied -their trip 
wi-thout further oppositlcm. However, it seems difficult to j\istlfy bingo 
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as a scientific nethod. 

Certainly the jaost coGsaonly iised nsethod for polar icebreaking is to 
use a veil desired icebreaker vlth the bow sloped such that it is 
possible to generate a significant downward force under the bow, parti- 
cularly as a result of rcmlng. 

History of Icebreakers 

Although 1851 is given as the first year a vessel ■(■/as built specifi- 
cally for breoking throu^ ice, very little ■was ever published concerning 
it. Generally it is regarded that ■the first successful icebareaker bxjllt 
for ■that express purpose cons-bructed on I87I and was named appro- 
priately “Elsbrecher l". (9) 

It ■was constructed for -the piorpose of keeping the channel open fran 
Cvothavcn to Kariburg throu^out the winter season. Eiis icebreaker ■was 
130 feet long and had an engine of 300 ihp. Ere concept of design and 
operation ■was then much the same as it Is now. Biere was a sloxdxig stm 
in order to get a downward coc^ncnt. It -was intended that the ■vessel 
progress as constantly as possible, but 'when pack ice ■was encountered tlie 
icebreaker ■was to be badccd down and then ram against the ice at full 
speed. It liad a rather full bow •with a sloping stem. This \ms fre- 
quently copies in the years to follow and later it was modified to a 
spocai-shaped bow, A dioadvantagc •wi'th the full spoon-shaped bow v/as 
quickly discovered; if -there was snow on tlie ice it -(/ould pile up ahead 
nnd Icpede or stop progress. Small entrance angles and small stem 
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angles advocated but not tried as aany felt that this would be 
poor frcra a structural point of view. Propellers at the bow were also 
advocated at t^t time and were act\ially in tise before the turn of the 
century. It is to be noted then that veiy large steps in thou^t and 
application were token in the last thirty years of the last century. 

Mathematical Expression of Icebreaking 

In order to see what has been done concerning the prediction of the 
downward force undesr the bow, one need only to look back to the same 
period of time mentioaed above. From then until the present only four men 
have left a deep Isipressim ly the development of a mthematical es^res- 
sions for the mechanies of icebreaking. As will be seen, the first three 
aid not develop an e:Q>resslon suitable for rausalngi they developed 
eijufttlons for uid.ntem:tpted progress. 

R. Runeb^g was the first to analyse the mechanies of the icebreaking 
process. (10 ) Particularly considering that he was unable to base any of 
his work on previous developtsnts, he did a remazkable enount. Some of 
this takes in the concept of raosaing but unfortunately no useable equation 
for the downward force during rammins was developed. 

Eveai in l888 he recognized that ”the vertical component should be as 
large as possible” since this does the breaking. His equation for the 
downward force is redeveloped completely in Appendix A. 

Ms equation states that the downward force tinder the bow, P^, for 
tinlntem®ted progress is a functicm of the following; 
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Tj^ a IhrTjst Bvnilsibls for icebreaking, LB. 

i„ = Stem angle with reference to base plane, deg. 

Jj 

$ = Angle with respect to the S plans of a nonsal to the shell 
at the bow, deg. 

f. a Coefficient of kinetic friction between ice and hnll. 

A 

The downward force is e:g)ressed as follows; 

(cos ig cos ^ f jj, sin ij.) 

^BZ “ (sin ig cos ^ + fj^ cos i^^) ' (A12)* 

Runeberg suggests the use of O .05 for f^. 

The following assung>tlons were tioed for the development of this 
ejjuation: 

1. There are no Tnoomttm effects. 

2. The forward nation throu£^ the water is effectiv^y non-existent 
so that the thrust can therefore all be applied to icebreaking. 

3 . Thrxjst was directed horizontally at all times. 

4. 5he direction of friction force (along the direction defined by 

the slope of the stem) zemalned the saae during forward horl- 
-NN- 

zontal progress. 

5 . Trim, although it exists, is not great enough to affect the solution. 

^--11- -nir" - 

Kxmfljers in peorentheses refer to eqcmtions of -the ^pendlx. 

** These assunqptions were used but not stated. 
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ms equation -was developed on the hasis of the ship sliding up on 
the ice very slowly but it was intended to be used os a good approxi- 
mation for an icebr^iker malsing imintemipted progress in the horizontal 
dirccticm. 

Figure I shows a plot of the downward force \mder the bow versxis the 
icebreaking thrust based on Runeberg*o equation for both the U.S.S. Glacier 
and the Stalin class of the U.S.S.R. For example, if a thrust viseable for 
Icebreaking of 3&8|^»O0 lb were developed by the U.S.S. Glacier, a downward 
force of 537^600 lb would be generated under the bow. This represents 
the Tuajrf'mTm available force downward for this given value of thrust. 

A, Kari was the second to analyze the mechanics of the icebreaking 
process, (ll) Both the statics and dynamics of icebreaking was dis- 
cussed in his paper ”ffiie Design of Icebreakers”, but his equations for the 
downward force under the bow are of use only for umntcrrupted progress. 

A con 5 >lete sredevelopment of his equations for the downward force is given 
in Appendix A. 

His equations state that the downward force undei* the bow, for 

uninterrupted progress is a function of the following; 

A a Displacement, tons. 

Q =s Change of trim, deg. 

L = Length between perpendlctilars , ft. 
and for equation (A^). 

G8^ = Longitudinal metacentric h^^t, ft. 
or for equatlra (A 26 ). 
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H = ft. 

G » X H « ( 2 ^ X H = 0.07 
The dowrtward force is expressed as follows: 



Fj 2 » A Gin © 

£ 



and 



- W30 A C L sin e 

^BZ “ H 



(A25) 



(A26) 



The following assusiptlons were med in the developxient of these 
eqmtions : 

* 

1. There ore no motaeatTO effects. 

2. The vertical zlse of the bow is equal to the thickness of the 
ice.* (This asBxaaptlon fortunately has no bearing tm the 
developnient of equations (A25) and (A26) bxtt it is used later in 
his work to determine the thickness of ice idiich can be broken. ) 

3. The distance frota the point of contact with the ice to the c«iter 
of flotation is equal to the distance from the point of contact 
with the ice to the center of gravity. 

i*-. The effective displacement is not affected by the foroe at the 
bow nor is the daraft. 



* These assun^tions were ixsed but not stated. 
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As a result of 4, the center of flotation and the longitudinal 

* 

metacenter remain fixed. 

6 . 

7. 'Rie value of C is O.OJ. 

rt * 

8. Ihere is no frictional force. 

At one point in the development he set the srmimatlon of moments equal 
to zero but failed to do the same with the simcaatlon of forces. If he had 
done so a discrepancy vould have been apparent. The equations were developed 
for an icebreaker having its bow slide slowly up onto the edge of the ice 
but he Intended that the equations be used for an icebreaker making unin- 
tem^ted progress in the horizontal direction. At best they are a good 
approximation only for the stopped equilibrium position. 

Figure II represents an illustrative plot of the downward force for 
\minterjnq)ted progress versus the change in trim in degrees using Kari *s 
equation (A26). Xftiless an arbitrary limit for the change in trim, ©, is 
given, the maximum force under the bow cannot be obtained from the 
equation directly. One would have to solve for it separately using an 
equation such as the one developed by Runeberg based on T^g. 

D. R. Simonson, a Coast Guard Lieutenant, was the third to analyze 
the mecluuiics of the icebreaking process. (12) The puipose of his work was 
to determine a bow profile which would represent an equilibrium condition 



* These assun^tions were ixsed but not stated. 
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regardless of trim If the other factors were held constant. IMs lead 
to a msthematical description of the stem contour which turned out to be 
some^diat spoon''Shaped. As a necessary step toward that determination he 
developed an equation for vininterrvqoted progress. A coiaplete redevelop- 
ment of his work Is given In Appendix A. 

All of his work Is statical since he felt that "momentxjm should be 
neglected as It Is desirable to break Ice without charging or ramming. " 
His eqmtion states that the downward force tinder the bow, for 

uninterrupted progress is a function of the following; 

Tjg = Ihrust available for icebreaking, LB 

Ig = Stem angle with reference to base plane, deg. 

9 = Change of trim, deg. 

The downward force is expressed as follows: 

^BZ “ tan (i^ + 9) 

B 

!Die following assvaigitlons were used for the development of this 
equation: 

1. There are no mosaentum effects. 

2. Friction with the Ice is negligible. 

* 

3. Thrust is directed horizontally at all times. 

* 

These assun^tions were used but not stated. 
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4. Itoe center of flotation serves as a pivot point. 

* 

5. Ihere is no change in dlBi0.acement. 

Figure III represents an illustrative plot of the dowmmrd force for 
uninterrupted^progress versos the icehreaking thnist "based on Sinonson's 
equation for both the U. 3.S. SLacier and the Stalin Class of the U.S.S.R. 
For example, if a thirust meable for icebreaking of ^8,1 jOO lb were 
developed by the U.S.3. Glacier, a downward force of 595 >000 lb would be 
generated under the bow. This represents the iraxliataa available force 
downward for this given value of thrust. Bote that it is necessary to 
solve for the trim independently or make a suitable assusqption. The 
forces Indicated in Figure III are all in excess of those indicated by 
Runeberg's equation which are illustrated by Figure I. 'Rils is due to the 
fact friction is neglected by Simonson. 

In fact, Simonson's equation is limited to "beiiag a good ax^roximatlon 
for the stopped eqtdlibrium position, not really uninterrupted progress. 

Daring 19^6 a book was published in Russia entitled "Vessels for 
Artie Ravlgation" written by I. V. Vinogradov. (13) It contained the 
development of an equation for the downward force under the bow of em 
Icebreaker >dilch resulted from ramming. The work 'ms significant in that 
it r^resented the first time that this force due to ramming was put into 
useable mathanatical form. 



* Ihese assumptions were used but not stated. 
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L. W. Perris has paraphrased Vlnogiradov as follows (l^f): "Hie 

analysis is based on the following concept: An icebreaJcer moving with 

known velocity strikes a \mifom ice shelf and the bow of the ship glides 
up until the downward pressure reaches a magnitude which causes the ice 
shelf to collapse. While the ship is climbing the ice shelf, the pro- 
pellers continue to push. In general, the forwasrd motion of the ship is 
not reduced to zero at the instant when the ice collapses. ” 

''ihe quantity which is to be determined is the maximum value of the 
vertical force P developed on the stem of the Icebreaker. " 

Since ramming is taken into account by use of the principle of the 
conservation of energy, a much larger mmber of terms (l.e. parameters of 
ship form) will be necessaiy than have appeared in prevlo\isly mentioned 
solutions for uninterrupted progress. 

Vinogradov’s equation states that the downward force under the bow, 

^EZ’ equations) for the ramning condition is a function of the 

* 

following : 

P « Coefficient of sliding friction. (fj^) 

= An^e of stem, deg. (i^) 

p =x Angle of normal to shell plating with respect to fi 
plane, deg. (0) 

6 a Block coefficient (&) 



* The symbols used are those of Vinogradov. Symbols in parentheses are 
those used commonly. 
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ss Waterline coefficient 
Q = L/2 plus the distance aft froa to the center of 

flotation, ft. (l/2 - LCF ) 



L = Length between perpendiculars, ft. (l) 

D = Draft, ft. (h) 

M = Longltudixial inetacentilc hei^t, Ft. (GMj^) 

T = TSirust, tons. (T) 

W = Displacement, tons. (A) 

E « Coefficient of reslatution. (e) 

=» Speed Just prior to iBq>act, ft/sec. (V^) 

= Speed while sliding up (normally taken as zero to 
get aaxliiium p), ft/sec. (V^) 



'Ihis downward force vinder the bow is expressed as follows; 



p = XT + <xS?^ r * 
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(A6l) 







The following assvBt^lons were used by Vinogradov in the develop - 
sient of this equation: 



2. Change in trim and draft do not seriously affect properties of 
the wateiplane or the longitudinal metacentric hei^t. 



In addition to the assusxptions listed above ^ many expedients were taken 
and these deserve setae comment or criticism so that the reader n»y have a 
better idea of the validity of Vinogradov’s equation. Bie most necessary 
of cOTcaents or critidsms follow.: 

This assumption was used but not stated. 



it 

1. Thrust was directed horizontally at all tlioes . 
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Trim was taken into accoiait dtulng the solution for movement 
of the icebreaker (in order to determine the distance a force 
mov^ in doing work), but it is disregarded (or considered 
nc^iglble) in the solution for the resultant perpendicular to 
the stem. 

2. Thrust, T, was kept as a constant representing total thrust. 
There would be an improvement in the use of his equation if one 
were to consider this as the thrust applied to breaking ice, 
since some of the total thxust is used in the resistance of the 
water. 

3 . Although kinetic energy and work are used for the basis of his 
work, there is no maition of the possibility of forces due to the 
acceleration. One of his key equations, (A54), sets the sum- 
mation of forces equal to zero when in fact there is a large 
decel^i^tion. 

k. There is no mention of the fact that some of the kinetic energy 
while sliding vq> may be in the foin of rotational energy as well 
as translational energy. 

5 . The change of trim Is based on the original dis^acement using 
the equation for a couple when actually the effective displace- 
ment is changed. 
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Q is used excltisively as a constant representing the distance 
from the center of flotation to the forward perpendicular, "which 
is aes\aaed to be the original point of contact. For the 
geometrical determination of certain distances this is proper; 
however, it is not proper when this length is used as a moment 
ana from the point of contact. 53 iat particular distance is a 
variable. In fact, even \ialng Vinogradov's equation as a basis, 
it can be shown (l^i-) that the distance travelled after initial 
impact, for the U.S.S. CQ.acier raamrlng at six knots with 
T « 160 tons, is ^.7 feet. This means that Q shoiild approxi- 
mtely decrease from the original 150 feet to 121 feet, a dec- 
crease of approximately 19 0/0. 

The «!presoion for the loss of energy on ii^ct is based on 
direct central iEq)act. In other words, it is assumed that the 
loss is the same as if a i^rpendlcular to the stem passed throu^ 
the center of gravity of the icebre^er. (Later in the intro- 
duction much more can be found on this expedient. It is common 
to some other recent developments and coment will be reserved 
until these others have been mentioned. ) 

Althou^ the sliding velocity is contained in the final eqtuation, 
the equation is only valid whan this sliding velocity, is 
equal to zero. This is not only because of the \ise of equili- 
brium in the. solution, it is also because while sliding up there 
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is a con^onent due to friction vhlch is acting in opposition to 
the dowmmrd force, P. This term is not included in the final 
equation; it goes ahniptly to zero as soon as the velocity goes to 
zero (and then it reverses). 

9. In addition to the prohibition mentioned in 8 , does not take on 

(in the equation) all Vv*^ues from down to zero', this is due to the 
Is^et term which indicates that there is an Ixmoedlate reduction, to 
son» degree, of the velocity. 

It must he noted that, in spite of the cornmcnts made above, Vlno- 
gmdov*B equation was the first equation that was of any use for the 
ramming condition. This ramming is quite licportant and for many years 
following 1946 this equation was by far the best criterion for the ability 
of an icebreaker. The developnent is given in Appendix A. 

The result of a calculation which is given in the paper by Perris (l 4 ) 
shoved that this downward force for the U. S.S. Glacier leiming at six 
knots with a thrust of I60 tons became 3^225,600 pounds. Ihls compares 
to 537^600 pounds (according to Runeberg) or ^9^,000 povinds (according to 
Simonson) for uninterrupted progress. These illustretive results are 
shown in Figure IV. It is quite readily seen that the order of magnitude 
of force generated by ramming cou5)letely overshadows the force generated 
during uninterrupted progress. 

TOiese fovur men named above (Runeberg, Karl, Simonson, and Vinogradov) 



have made the most significant contributions. !:te.ble II shows the 
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Figure IV 

Con 5 >arlson of Magnitudes of Force 
Developed Iftider Bow During Icebreetking 
(for the U, S.S. Glacier at 6 knots with 
T = 160 tons) 
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Table II 

Use or Reference to IcebrealdLng Eqviations in 
Relatively Prosainent Publications Presented Chronologically 



i860 - 

1890 ~ 
1900 - 
1910 - 



Runeherg 
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1888 



1920 - 



1930 - 
i9^»o - 

1950 - 
i960 - 
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X 



Kari Siiaonson Vinogradov 
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chronological popxilarlty of their developments, Table III Illustrates 
the parameters appearing in their equations, hovrever, there have been 
others since then vtoo have developed equations for icebreaking, but the 
equations laclc the significance of those mentioned earlier. 

In 1956 Jan-Erik Jansson presented an equation for the determination 
of work utilized in ranauing of ice. (15) Unfortxmately it does not 
include any equation for obtaining the downward force during icebreaking. 
However, his work is qiilte coc^rehenslve and for that reason is included 
in Appendix A. Efe also \ises the conservation of energy principle in his 
development. However, as a convenience he has disregarded loss at Initial 
impact and has ne^ected friction. 

In 1959 C. RlchardBon presented an eqmtlon for the downward force 
under the bow during ramming. (16) It was developed in con,}unctlon with 
some model studies of the force system. The equation is similar to the 
equation presented by Vinogradov and is presented in Appendix A. The 
development was almost identical to Vinogradov's but did modify some of 
his weaknesses to some extent. For exsitqle, Richardson uses a term for 
the loss of energy due to wave and frictional resistance (not ice) from 
the instant of contact up to the moment the ice breaks or motion ceases. 

He also recognizes an effective Increase in the mass of the icebreaker 
due to entirained water. For the most part, however, he has vised the same 
asBus^tlons and expedients that Vinogradov used and for that ireason 
comments ^qireesed earlier also apply here. 
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Table III 

Parameters Appearing in the Equations of 
^ Downward Force by Various Developers 



Parameter 

A 

9 

L 

6 

a 

LCP 

H 

e 



Rvmeberg 

X 



X 

X 



Developer 

Karl Simonson 



X 

X 

X 

X 



Vinogradov 

X 



X 

X 



X 

X 

X 

X 

X 

X 

X 

X 



Syinbols used axe those given in Appendix C, Symbols and Iheir 



®Ltles. 
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As part of a report released in 1959 concerning the feasibility of a 
nuclear icebreaker, an equation concerning the relative aagnitxide of 
force "tiransraltted to the ice” at the bow was presented (12). !Ihis 
crancems \mintemipted progress only; it does not have to do with ranming. 
However, the development is given in Appendix A since it is of Interest. 

!Ihe force under consideration here is the force perpendicular to each side 
of the bow. TMs could, of course, be resolved into the downward compo- 
nent, but this woiild lead rl|^t back to Simonson's equation since this work 
is based on that equation. It is Interesting to note tho\:i^ that the 
equations of this report arc based on the assumption that thrust remains 
parallel to the base line at all times, and xx>t sis^y horizontal. 

In 1962 V. R. Mllaao presented his modification of Vinogradov's 
equation (18). One of the main contributions was to express thrust as a 
function of “Bollard Puli'*. He also rewrote the equation so that the dis- 
placement may be solved based on other parameters including the desired 
downward force. Ihs equation is given in Appendix A. 

All four equations for razmaing presented above are based on the 
princi]^e of the ccaiservatlon of energy. !There is, of co\irse, nothing 
wraig with the concept] any short callings exist onls*- in the developments. 
Although the situation is obvlovisly dynamic, which is the zreason for the 
use of energy in the calctilations, each at some point in his development, 
uses static equlllbrtum. Ihey have set the suaEoatlon of forces at a 
point eqizal to zero when there ^ acceleration involved. 
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FurthenTiore, all dev^opments of the raacaing ccmdition force utilize 
a veiy in^ortant term for the loss of energy at inltieQ. impact. (An 
exception to this is the developaaent "by Jaaissonj he ne^ects this term. ) 

This loss of energy is detemnlned using the coefficient of restitution, E. 

As this tern has been developed, it is fundamentally in error. Ilie use in 
their devdopments means that the in^jact has been direct central impact. 

This means that a nomal to the stem at the point of contact would have to 
pass through the center of gravity (^diich it does not) and no rotation 
vovild be iiaparted. Purthermore, it means that the velocity component 
tangent (parallel to the inclination of the stem) to the stem is conserved 
on initial contact. The velocity conqjonent normal to the stem inclination 
would be reversed and be of magnitude equal to (e) X (initial normal 
compcment velocity). In most lllustraticms E has been set equal to 0.$O 
or 0 . 95 . Figure V shows the implication of the acc^tance of this form of 
impact energy loss. If one is willing to believe the energy-loss -at -initial - 
impact tena, then one mxist also be willing to believe that after initial 
contact the velocity of the center of gravity is only slightly less in 
magnitude and is \;pward in direction at an an^e which is almost twice the 
angle of the stem. Even one vho has never seen an icebreaker in action 
would find this hard to believe. 

Incidentally, carrying this conc^t further for the sake of illustra- 
tion, it can be shown that the term would iu^ly that a ship with a vertical 
stem hitting the ice at 10.0 knots would boimce so that it ended xjp going 
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Figure V 

Implication of Acceptance of 
In5>act Energy Loss in Presently- 
Used Ramming Eqviations 






Before Initial Contact 







astem at 9*0 or 9-5 knots. It Is quite apparent this is not the case 
when a ship encounters ice. 

Heed for Suitable Analysis 

It is interesting to note that many do not yet take full advantage of 
the equations which do exist. Many references (19)# (20), (9), (2l), (4), 
(22), and (23)., indicate the choice of the "optinnan ‘bow” or "standard 
bow" without any further mention of procedure or justification. Some of 
these simply state that is the best angle. 

Presently the downward force resulting frcrai ramming is being used by 
some. In spite of any weaknesses which exist in the ramming equations, 
they are the best available and certainly present a more meaningful value 
than the force developed during tinintemipted progress. 

Four criteria are presently used for measuring icebreaking capability. 
(4) Ihese are listed by Lank as foUov/s: 

1. "Probably the most complete analysis of the action of an ice- 
breaker in breaking a uniform sheet of ice is the one developed 
by Vinogradov. " TOie downward force developed by ramming is 
apparently the most ingwrtant criterion. 

2. "A rougji measure of the ability of a ship to force its way into 
leads or broken ice is the ratio of horsepower to beam. " 

3. "The horsepower displacement ratio has been widely used for 
comparing the relative power of Icebreakers but probably does 
little more than express relatively ability to accelerate. " 
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4, '*Ibr large Icctrealcers of generally similar hull form, the siii 5 >le 
value of thrust at zero speed Is probably as good a measure of 
forcjj^ ability as any. " 

In general it is conceded that the equations for the ramming give the 
best measure of abililgr of a polar icebreaker. Just as generally, it is 
pointed out that more work must be done along these lines since the 
present equations do not quite lead to a proper representation. 

Admiral E. H. Ihiele said, in 1959^ "icebreakers are relatively «c- 
penslve to build and maintain. Every effort to make an Icebreedccr more 
effective throu^ improvements in design and operating technique will be 
repaid many times". 

Bie object of this research is to make icebreakers 'W>re effective 
throu^ iBiproveaent in design". The design can be improved by liaprovlng 
the measure of the most Is^rtant criterion for a pOlar icebreaker, the 
downward force generated by ramming. Specifically, the object is to 
develop a suitable equation for the predictitm of the dynamically developed 
foa^ce at the bow of an lcebi*eaker dmlng encounter with virtually un- 
yielding ice. 
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Figure A/I 

"Wind Class Icebreaker hujmning Ice 
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II Procedure 

General 

When a polar icehreaker encounters very h«stvy ice, the icebreaker 
must resort to'^”rainaing”. Tae object of this technique is to get a large, 
r^atively sxistained, downward force under the bow. It is this sustained 
force which tends to cause the ice to collapse. See Figure VI and VII. 

Ihe bow firat crushes into the ice \mtil the bow is accomodated and 
st^ported sufficiently to allow sliding. She bow rises up to a point 
where forward progress ceases and the icebreaker settles at this point. 

It is as if the icebreaker were "grounded” at the bow. 

Bic problem is to predict this downward force. (Pjjgr) as a function of 
the following parameters; 

Ii « Length between perpendiculars, ft. (EP) 

B « Waterline beean, ft. (B) 

H » Normal draft, ft. (H) 

d m Normal displacement, lb. (dS) 

Ig •> AagLe frcaa base line to stem, radians (BA) 

P a An^e of normal to bow plating with respect 

to the centerline plane, radians. (SA) 

a Velocity of icebreaker immediately prior to 
initial contact, ft. /sec, 

a s Watexplane coefficient, dimensionless. (AL) 

LCF » Distance froei amidships to center of flotation 
(+ if forward, - if aft) , fb. (CP) 
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Distance fitxa amidships to center of gravity (+ if 
forward, - if aft), ft. (CG) 

Helf^t of center of gravity above keel, ft. ((2C) 

Hei^t of thiost line above base line, ft. (D) 

Bollard thrust for rpot of G'ostained 
approach v^ocity, lb. (TB) 

Longitudinal metacentric hei^t, ft. ((24) 

Coefficient of kinetic friction between ice 
and ship, diJaensionless. (fK) 

p 

Compressive failure stress of ice, Ib/ft . (SIG) 

Coefficient of static friction, dimensionless (FS) 

(Uote: Bio synibols to the rl^t in parentheses are those used in the 

Ibrtran computer program. ) 

The coc^ete step-by-step solution is given in the appendix. 
Definition of States and Phases 

*^tate l" is defined as the stete of the Icebreaker immediately 
prior to initial contact. 

Htve '’(brushing Phase" is that period when the ice is crushing locally 
to accomodate the bow. !Ihe bow is tending to rise and the ship is tending 
to slow down. 



This is not necessary for the downward force but is vised for the 
extraction thrust. 
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"State 2” Is defined as the state of the Icehreaker vhen local 
crushing has ceased and the how has a velocity tangent to the ship-ice 
Interface. ^ other words, there is no raore penetration into the ice. ) 

The **SHding Phase” coamences at State 2. Kie bow slides \xp on the 
ice without further appreciable penetration. It is assxsaed the point of 
contact is fixed relative to the ice. 

"state 3” occurs when the velocity of a point on the bow relative to 
the ice becomes Reix>. This does not necessarily iii^y that all velocities 
(x, Zf and 6) are sero. 

'^tate 4 " occurs when all velocities have becomt zero and the Ice- 
breaker is in static equlllbiiuia. T3ie downward force \aider the bow, 
is "ttMS relatively sustained force whldi is the object of this 
areaearch. 

de coordinates nay be seen in Figure B-V. 

Bow Forces During Crushing 

It is assumed thi&t all forces acting on the bow from the ice act at 
the Intersection of the stem end the waterline. ®iere are three forces 
acting at the bow. There is a fosrce normal to the plating and it is 
asstaaed that this normal force may be represented by the product of the 
area of contact and the conpresslve failure stress of the ice. There is a 
component of friction force acting parallel to the stem in the ^lane of 
the plating. During crushing there is anottier friction force acting 
perpendicular to the stem in the plane of the plating. See Figure B-I. 



* These figures appear in Appendix B. 
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As seen in iUgures B-UI and B-IV, theoe forces aay be expressed as 
conponents In the x-direction and the z-direction. 

^BBK; “ ^ ^ ^ P) sin {1^+ ©) •<• If cos (i^+ O) (^) 

^BZC “ ^ ■’ ® 



vhere H is the force noiroal to the bow plating. 

As mentioned earlier, the nonaal force K is the product of the area 
of contact due to penetration emd the cooprcssive failure stress of the 
ice. 



H 



a' 

sin 0 tan (ig + g) 



X tan (ig+ 6) 



(~ - LCG)9 + s 



Kewbon*s Lavs of Katioa Durian Crushing 

Figure B-^IX illustrates the free body diagram of the icebreaker during 
the crushing phase. It is assraned that the icebreaker may be treated as 
a ”solld body”. 

The forces acting on the bow are included in the equations of motion. 

2 

Dropping negligible teims, the forces may be expressed as a function of x . 






The niwCbers in parentheses refer to equations in Appendix B. 
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As a result of sumtalng forces in the x-direction. 



X* + i^x + = 0 (B29) 

where a^, and a^ are constants representing the influence of 
paraaeters such as "x* ^'Hc" "be ex- 

plained later. It is sufficient for the present to say that it is the 
mass of the icebreaker. ) 

Furthermore, by summing forces in the z-dlrectlon, 

z‘ + a^z + UgZ + bj^O + c^x^ » 0 (B3l) 



where a^^, Ug, b^, 



and Cj^ are constants representing the InfluKice 



of parameters such as , ig, ?>, and k^. is a 

heave doarplng coefficient which will be explained later. 

I5r SToaaing EKxaents around the center of gravity, by linearizing, by 
dropping negligible terms, and by siibstltutlon. 



d + a^6 + Sg® + d^x 



(^ 1 ) 



where Sg, and are constants representing the Influence of 
parameters such as (mass moraent of Inertia, to be explained later), 
(pitch damping coefficient, to be ei^^ained later), A, and 
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Soltrfcloa for x During Crushing; 

It is natural to solve for x first. It is independent of other 
variehles and the solutions for z and 0 depend on x. 
ijy dropping ne^^gible terms. 



■^2 

X 



(B39) 



vher© is a caastant incorporating the influence of o” / P 



end f^. 



Biy substit\rfclcm, manipulation, end integration, 

* = (v^ (Bto) 



idiere the constants era as previously defined. 

The equation for x cannot be directly integrated. Therefore a series 
expansion is used. From this it is possible to integrate to find t in 
terms of x. Ke^glble terms are then dropped. The ea^resslon can be x 
eocpressed as a function of t by using a raversion of the series. Retaining 
significant terms, 

t^ 

* - 

■where and have been previously defined. 

Ifow that X has been found as a function of t, 3c' and x may also be ex- 
pressed as functions of t by means of substitution. 
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Solution for Q Durlm Cruahlnp; 






The sua33*atioii of ffioments can be expressed in tersas of 0 and t by 
the siibstit\rtion*of equation (Bi^l). 

The solution becoaaes 

at d_ . 2b, 4, . 

0 » e (Aj^ cos S,t + AgSin P,t) + ~ - A, (B53) 



vhere Q^, A^, A^, b^, d^, and are constants reflecting the 

influence of 1^, k^, &, (M^, L, LOS, H, KIO, v^, i^, P, and 

at at 

0 « o^e (A^ cos P^t + Ag sin P^t) + e (-A^P^sln P^^t + AgPj^ cos P^^t) 



+ 





0 0 
0 



(0? -^) 




(A^ cos P^t + Ag sin Pj^t) 



im) 
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2 d, 

(-A^ sin Pj^t + Ag cos P^t) + — — 
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Solvttlon for z During Crushing 

The suDsmatlon of forces in the z -direction can be expressed in terms 
of z and t by the substitiation of eqvmtion (b4i). 

The solution becomes 

Opt d.. p 2bpdp 

z « e ^ (Bj^ cos + Bg sin Pgt) + ^ ^ - iE^ (b6z) 

2 Cg 

vhe3!« Og, Bg, Bj^, Bg, bg, Cg, and dg are constants reflecting the 

infLusnce of m^, T^, (pounds per foot Immersion, to be eacploined later), 

v^, ig, and fj^. 



V 






z » o^e (Bj^ 050 Pgt + Bg sin Pgt) + e (-Bj^pgSinPgt+Bg^gCOs ^gt) 



2 dgt 2 bgdg 



(b63) 



'2 



a„t 



z = (q| - B|)e ^ (1^ coo pgt + Bg sin Bgt) 



(B64) 



Opt 2 dp 

+ 20^Pg e (-1^ sin Bgt + Bg cos Bgt) + — ~ 
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Mass and Hass Itotaent of Inertia 

The values of and are needed to solve the previously 

expressed equations for Zp and 0. These values of nsass and mass moment 

of inertia (for movement as in pitching about the center of gravity) must 
he deteitained or suitably approximated based on the "given” parameters. 

Ihe tmderwater shape of polar icebreakers approximates that of a pro- 
late ellipsoid as glTsn Saunders (24). Using a typical value for the 
ratio of l/B =» 4.0, the following effective nKUJses (body mass plus added 
mass) and mass mcxnent of inertia ore obtained: 



« 1.08 1 « 


0.0336 A 


(b66) 


m, « 1.86 ^ 
z 6 


0.0578 A 


(B 67 ) 


I. = i.a ~ 

0 g 


» 0.050 k^A 


(b68) 



where k « radius of gyration. 

As indicated by Vosser (25)/ a reasonable value for i^dius of 
gyration for an Icebreaker would be 

k « 0.22 L (B72) 

Substitution of that value in the equation for I 0 gives a reasonable 



approximation. 






\P 4 

I * ' #3* •*-’" ’^ *" •• • 

tni • a ^ 

:jdI •jO'I f '‘r ^ 



Vii<'* *.*111' -• 



.» ^ » J 

« «. 
v‘ 

^ ri - ~ 

fmn.liM^n, 



‘I — *>’j-J '“» * T ^ .- **J 

• j :i>*#.’ljfii -c .v*.t« ■*• * »k< 



■•. I ' r4 c-'y^ 
. to 



MAT 

V ■ '-AlWf 

er «<p 



) t* 



L ■'•'.’*J o . — ■■(' . «. ' 



« ’iJi' > 



(W .''■ • - *>rj . ‘. 






* 

i 



<n 





I 



.*TN***5 tij • *.•' • ,f 

Td ^ ri>« <? * ■L<»*V r » !iMii i ' .* -r^'C: 

ajABif ’C«% * itfHa.' :f« 

{tW> ^ jr * 

1 S'? s*^l l^w*«.rw *<.♦ .*l aft.taA' r* •M'f* 3 



Ci>*- 



-67- 



Doagplng Coefficients 

Values are needed for (heave daraplng coefficient) and (pitch 

dEmping coefficient) in order to solve the eqvsstlons for x, z, and 0. 

A good approKimation \Jhlch is relatively almple to use can be found 
published by Vossei’ (25). Bised on his coefficients. 



0.10 



A L 



3/2 



Ib-ft-sec 
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(B69) 



^ -A 2.-b-aec/tt (B70) 

g L ' 



Pounds per Foot Itameralon 
For sea water. 



=* (64.2) L B Qt for sea water (Bfl) 

Solution of Eovr Forces During Crushing 

In the developnent of the sunnnatlon equations two important substi- 
tutions were made. ISxese can be used to deteimlne the components of the 
force at the bow. 

(B34) 

(BL4) 

f 0, and fj^. 



^B3CC ” 



^BZC “ ^‘2^ 



where kj^ and kg reflect the influence of , i^ 
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Terodnatlon of the (hrushlnf^ Phase, State 2. 

Point A is defined as a ix?int on the bow of the icebreoher at the 
waterline (poin^ of force ap^ication froa the ice). Vflien this velocity 
has a direction which is forward and np>jard at an angle eqvEil to the 
angle of the hot; plus the trim there is no more penetration of the ice 
and crushing has ceased. See Figures B-XVIII and B-XIX. 

Let (OA) equal the horizontal distance froa the center of gravity 

ulW 

to the point of contact. Let (OA)^ equal the vertical distance. 

If ^ is the angle fresa the horizontal to the velocity direction, 



tan 



V' 

0 



(GA)^ 9 - z 

X - (GA) d 
% 



It my be seen timt tan (or is a function of t. 

When 

tan = tan + 0) 

crushing has ceased and State 2 is x^ached. 

At this polxrt sliding will corataence (presindng the icebreaker still 
has forward velocity). 
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Slldlng Phase, General 

The sliding pbase coEoaenccs at State 2, vhen local crushix^g has 
ceased. The how forces are no longer a function of the penetration. 
However, the vertical cocrponent end the horizontal component are inter- 
rdLated. 

During the sliding phase, the point of contact is assumed fixed 
(since further crushing would he negllglhle) and is assxxmed to he at the 
level of the waterline. 

Bow Foarces Sliding 

ngure B-XX illtjstrates the forces <xa the how during sliding. 

©le force norjasl to the plating on eadi side is M/2, ©ae friction 

w 

force on each side is then f ^ . 

In order to resolve these forces into cociponents. Figure B-XXU, let 



ts cos ^ Bln i„ + t cos i_ 
B £ K B 


(b 80) 


hg » cos P cos Ig - fj^ sin ig 


(B5l) 


After linearizing azxd using trigonoraetxlc substitution 
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It follows that 




This allows substltiitlon later on. 

Icebreaking Thrust 

Of the total thrust, part is being \ised to overccme the resistance 
of the water and the other part is used against the ice. Thie latter 
part, or the thrust produced in excess of the requireaent to aaintoin a 
velocity In water Is called the "icebreaking thrust". 

At State 1, 



may be broken down Into residual and frictional resistance. After 
breaking It down aiul making suitable siibstltutlons based on the assmpticm 
that the rotational propeller speed remait^ constant. 



T (1 - t) » 



(B21) 



where T Is thmst, t is the thrust deduction factor, and is 
total resistance (no ice at State l). 

Then "icebreaking thrust" may be expressed 



Tj 3 - T(1 - t) - Rj 







V, 



V 



2 



1 



where is bollard thrust assuming r p n constant. 
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An illustrative plot of equation (B2?) ie shown in ligure B-XVI 
It is seen that State 1 there is no thrust being used against the ice. 

At the concl\ 2 slon of sliding all thrust is being \ised against the ice 
and none to propel the chip throui^ the water. 

The term in equation (B27 } Is based on laany parameters which would 
not be known at the early stages of design. It my be seen in Figure B-XVI 
that a linear approximation is suitable and in order. 





where 



V =» 



dx 

dt 



= iiapact velocity. 



Hewton*s Lavs of Itotion During Sliding 

Figure B-Xnil illustrates the free body diagram for the sliding 
idiase. Kewton's laws of motion may be applied to the thsree types of 
motion encountered (x -direction, z-direction, *md rotationally about the 
y-axls as in pitching), ©le three oqmtlons resulting are not Independent. 
In the forward direction. 
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This becomes. 



T . (^) i . !s. 
■^DOL W. ' * b 
1 s 



BZS 



a 

s f s 

\ ^ 

S G S 



+ b‘ 



^BZS ® 



- x’ =0 (B90) 

In the dowmmrd vertical direction (z -direction), 



/ .7 = m — s- 
^ dt'^ 



-^BZS - W - ^ • V ^ 



+ A o a 

^ dt^ 



(B91) 



This equation may be used to express ,foUo«lng siibstitution 



to eliminate T^^ and h. 



^BZS - - ’’bOL* * « - V - T, (LCO-LCP) 0 



-kj^z - i' (B 92 ) 

In oi^er to obtain an eqviatlon containing x, z, and Q as the only 
unknowns, equation (B92) is substituted into equation (l^) and then 
llnecurized. This equation is esqiressed as foUows: 

a^j^x + bjj^x + c^x + ®3 l 2* '’iZ^ *13® ®13® “ 



(B^) 
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ubere zero. All other coelTicients are constajQt 

and represent the influence of L, B, a, ^Z* 

^ 2 * ®2 * 

<1^ eumnation of looraents (counterclodcvlse) is taken about the center 
of gravity. 



^ ® dt^ 

Fjj 23 (GA)^ + Tjg cos G (XB - d) 

- <i . i^) 0^9 - kj, f - le 0 * ° 

Substitution for F^gg, ^BXS' ^ib ^ leads to an 

expiation containing x, z, and 6. IThis equation (B 96 ), contains 43 tenas 
and reflects the influence of all 16 parametere. Linearizing produces 
nKMPc terns but eventiaally the equation beccsaeg, 

* 31 * ^ 21 * ° 21 * ■*“ * 22 * * ^ 22 * * 22 * * 23 ® ^ 23 ® * *^ 33 ® “ ^ 

(BlOO) 



uhere » 0. All other coefficients are constant and reflect the 
inflTtence of all l6 paraaeters. 
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Kewton's laws have allowed iia to ex^oress two equations containing 
three unknowns, x, z, © (and their derivatives). 

Location Goometry 

During the sliding phase the how is in caitact with a fixed point 
on the ice. Figure B-XXEV illustrates the relationship of (0 - Q^), 

(z - z^), and (x - Xg). 

It is seen that, 



(x - Xg) « 



(CA)^g(0 - Og) - (z 
tan (ig + 0 ) 




(GA) 



z2 



(0 . Og) 



Where the subscript 2 indicates the initial condition for sliding, 
State 2. 

S\ibstitution8 are siade and then all non-linear terns aire linearized 
and this leads to 



a^j^x* + hjj^x + c^j^x + a^gZ + h^z + c^gZ + a^^O + h^^® + ^ 

(HL03) 

where e^, c^g, are constants reflecting the lnflu«ice 

of ip, (GA)^g, (GA)^g, Og, Zg, and Xg. Other coefficients are zero. 



This gives us our i»cessary third equation- 
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Slrtultoneoiis Ecmatlons of Sliding 

There are three equations of sliding to he solved, sinultaneoxisly, 
equations (ELOO), and (BLO3) respectively. There are three un- 
knowns, X, z, and © (and tlteir derivatives). These equations are the 
basis for the solution of sliding lootion. 



There lauet be an (^ration perfoimed on these equations in oi'der to 
solve thesa. The method chosen, since it incorporates initial conditions, 
is idiat of the LaPlace Transform. 

The three equations become, as a result of the LaKLace transformation. 
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“ 22 = 



®22^2 



* ’’ 22=^2 



+ a. 



33 



s 0. 



®23®2 



" ^23®2 



•f ' £ 



(c^j^) LO^) I~t(^) L—(®) “ 3y 



'32 



33^ 



3/, 



Bie rl(^t hand tenao aay he grouped into new constants hy collecting 
coefficients of like powers of s. (For exciaple = ^1^2 ^ ^11^2 

+ + h^gZg) . 



de th 3 rea simultmeous e<juatlons may now be written in shorter form. 

+ \is) Lc^c) + (\2*^ ■*■ ^2® * ®i2^ ■*■ * 

^ ^ \2® ^ <^3/8 

(^21® + «21^ ^2®^ ^ ^22® ®22^ Lc®) (^23®^ ^ ^23® ^ ®23^ L(0) 



^ ^2® ^3^® 

* ^®32^ * ^®33^ ,L^®^ “ ^ 33 /s 

low we have three equations each containing the seme three unknowns, 
L(x). L(z), and L(©). 



Each of the voaknowns may be resolved starting by tising detenalnaats. 
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L(x) 



+ d^3/s) + c^2> (0^3) 

(dgj^+ dggfl + ^23/3) (®22® '*' ^22® *' ®22^ ^^23® '*23®'*^23^ 



(S3/s) 



(C32) 
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(aggS + tggS + Cgg) (ag3S -*23^^23) 
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^''33^ 



Tbe detercdnante for I_(z) endi— (9) are expressed in similar manner. 
’E&dx has the soiae denccdnator. 

T 

After collecting coefficients of like powers of s, the ^ (x) 
numerator becomes. 
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Hms numerator for the Lxz) becomes. 
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Th,e numerstor for the 



L(e) 



becoiaco. 



^ 32 ® ^ 31 ® ^30 ”29/3 



(m66) 



2hs deaoaiaator, >rhlch is coBumcm to nil three, becomes. 



D|^s + D^s'^ + DgS + r^s + Dq 



(BIO9) 



Bierefore, 



^ *”l0* *»09 

,j 



r , , ®i3“ * 12 “ * * 11 ' 

L(-) « -f — r o — ^2 

s Dj^g + + I^s + li 



(BllO) 



3 2 “L 

w 

The L.(z) and L(0) nay be expressed in similar fashion. It is 
noted that this may be expressed as a proper fraction; the denominator 
Is <»ie power higher than the numerator. 
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^ + bj^G^ ■<• b^c^ ■>• bgB^ + bj^G 

<6 

Tas maaerator wsy be written as 

(s - Sj^) (e^ + bj^s^ + bj8^ + bgS + b^^) 

where » 0 . 



Blotiadratic Soltitlon 

The biquadratic appearing in the denoEdnator was prestamed to have 
two pair® of con®lex conjugate roots. (This was after mny other atteni>ts 
proved xznzsiisiningful. Furthermore this would lead to dostped oscillatory 
aoticm which would appear typical in the physical case if the icebrroker 
were to slide bach if xonrestrlcted by static friction. ) 

Thia means that 



(s**^ + bji^S^ + b^s^ + bgS + bj^) 
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Equation (BLI 5 ) rsa^ bo vritten as 



It 5 2 

s ■» bj^s"^ -t* b^s 4- bgS + b^ 

+ 2 Bj^o + (A^ + 



» 8^ + aBgS + (Ag + Bg) 



If the division la carried out on the left, that side becomes 
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Therefore, 

2Bg « (b|^ -2^) 



(KLI 7 ) 
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However, the division carried out above has a remainder, and this 
remainder must be set equal to zero. 
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Ifow there are two eqxations with two unknowns, and The un- 
knowns are real nunibers. 

Ibe solution of these two equations for leads to an equation of 
the foxm 

* “5 ^ “3^ * “2^ * “i®i “0 = ° 



Where all coefficients are known constants reflecting the influence 
of bg, and b^. 

It is noted that we started to find the roots of a fourth order polyncasial 
and now it is "siiig>lifled*' to a sixth order. Actually this is simpler; 
the unlsnown, 1^, is a real number. (The roots of the quartlc are not. ) 

It is discovered in the complete development that 

or|~<Cl^<C2^ (EL21) 



Therefore, ^ is best solved by a trial and error iterative solu- 
tion starting with ^ near zero. 

Once has been determined, the other values may be determined. 
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(SL27) 



We now hav« the solxrtion to the denminator of equation (ELI3). 
Partial Practlon Fom 

It is necessary to put eqmtion {HLI3) Into the fonn of partial 
fractions In order to take the inverse LaFlace. 



The zlght hand side contains five unkncnms. The ri^t hand tena Is 
put into the form of a polynomial with a coramon denoednator. The co- 
efficients of like terms in the numerator are collected and set equal 
to the egidvalent coefficient of a like term in the numerator of the left 
side. For example, 
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(KL31) 

&Q « (a| + + pj) Aj^ (HL32) 



These five equations contain five laaknowns. They asy he reduced to 
four equations with four unknowns by the substitution of (frota 
equation (HL32)) into all other equations. 

After further substitution involving dg, d^, and d|^ as pre- 
viously defined, the four eqmtions nay be solved by the use of a matrix. 
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The solution of the matrix leads to 
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B,. = 



2 (« 3 "<\) jgi^d^-gJd^-BQ^aJ + (g^-gj^) 


- 

..-g^dg+aoi^gj^dj^ + 


2(“3*<\) [ 2“384-2'\B3’ 
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+ ( 83 - 84 )^ 
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\ ' 63 ^ 
G 4 



A, 



\ (£ 3 * 84 ) 

2 S^ («3 - 0 ^) 
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(BL 43 ) 



One more substitution is in order. 

hi " ®5*3 hk “ Vi* 

hi ■ ®3 ■ V3 ^It “ ®i* ■ V4 

Nov ve have Lw with all terms known and in useable form. 
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(BL 47 ) 
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DLfferentlatlng with respect to time, t, 
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Th© equations given above represent the coc^iete eliding motion of 



the center of gravltj' in the x -direction. ®te coefficients vused ere 
shown SOTiewhat gbaeralized here in that they do not carry the subscript 
X. For exar^jle, 5^23 “ ^ 23 x 
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a 0.1 



4 x 



etc. 



In order to solve for z and 0 (along with their derivatives) it is 
only necessary to recced, ze that 
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(BI67) 



Exc^t for the ^/alues of the constant coefficients in the respective 
numerators, these equations are identical to equation (ELIO). Bae method 
of solutioa for z and 9 Is identical to that of the solution for x. Ilae 
resulting equations are identical except for subscript. For example, 
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Ci^ + Ij e 3^ (^232*^®^ ^ 



-o^t 






(KL63) 



2 and 2 * are obtained by differentiation and are given by equations 
(BL64) and (EL 65 ). 
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•0 and G are obtained by differentiation and are given by eqiiatlons 



(B^) and (B 69 ). 

!Hie equatlonc coc 5 >letsly describe the aoticn of the icebreaker during 
the sliding phase. 



Vertical Force on Bov Suriiig Sliding 

In the previous solution, "the vearfclcal bow force during sliding, 

uas ellMnated by oubstittition. Equation (B92) gives the substitution. 
Equation (B92) gives the value of directly. 
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-Mhere 0, x> a, z, and a* are dbteined froa equations (B67), (EI50), 
(EL63), (BL64), and (BL65) respectively. 

TenalaRtlon of Sliding Haase. State 3 

®ae equations of velocity'', (EL50)^ and (BI78)# jssy be 

coEiblned vectorially to indicate the velocity of a point on the bow in 
contact with the ice. When this velocity (or likewise the horizontal 
cooqwnent) becomes zero the sliding between ship and lea has termlnnted^ 
State 3 is reached. 

tBie z-coeqjonent of the bew velocity is 



az 



- (G/V)^0 



(BI61) 



The x-corq»nent is 



V *> X - (GA) 0 
ox ' 'z 



(HI62) 



When the velocity of the bo/ relative to the ice becomes zero 
each of the ccaagponents becomes zero. It is therefore sufficient to use 
either one to define State 3* 
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(H^) + z 
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(BI83) 



For each value of t (time, during sliding) there is a value of 
V . When, by iteration, v„„ = 0, that tlcse is assigned the syaibol t, 
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and all other values can be dsteralned using t^- 
Static Equlllbrfim> State ^ 

Presualng the icebreaker does not iMaedlately back off, a sll^t 
aciount of settling le going to take place vlth the bov iremLning held in 
the ice at a pcMSltion defined by State 3. If all v^ocltles and eccelexa- 
ticms were zero at State 3 there would be no "settling”. However, this 
seaas xather unlikely. For that reason, the static equillbrltsa problem 
will be solved W 3 lng a point of sx;^pport as defined by State 3- See 
Figuxe B-XXVII (ihrust has been dropped fram the equilibrium solution. 

Tiie screws must be stopped at soiae point ai^weiy and this will lead to the 
higher value of sustained downward force under the bow. ) 

V 

^ » 0 (BL84) 

V 

Pg » - P^zi^ - (A + + A « 0 (B3.85) 

where hj^ » + (LCO-LCP)©|^ + - O 3 ) (EL 86 ) 

Equation (EL 86 ) can be siibstituted into equations (BLO 9 ) and (HI 87 ). 
This gives us two equations with two unltnowns, and Pgg^* 

Casibinlng those two equations leads to one equation, 
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(EL94) 



whore a|j^, t!]^, and cj^ are comtanto reflecting the Influence of 
(04 )^, ® 3 ^ hydrostatic prc^rties of the icebreaker. 

®ie BJeaningful solution of equation (BL94) is 
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2 aj^ 



(KL95) 



!Qils value is the object of this research. 

Incidentally, the final position, which may be of Interest, taay 
be readily determined. 

!Ihe change in position (from State 3 to State 4) in the x-dlrectlon 
is negligible. Ihe fliuil trim, 9^^, laey be obtained from equation (EL93)^ 
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■idiere d^ » (XiCG-LCP) + 

Ihe final positicai of the center of gravity may be obtained from 
equation (kl86), 
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Ibctractinjg Thrust 

Normally the static friction acting on the bow, once motion has 
stop^ped, reaches magnitudes greater than that of kinetic friction. It 
is possible, in fact probable, that the Icebreaker may not slide back 
Of its own accord. In tiiat cose backing thrust is necessary. 

Actually any moveaent of the ship relative to the ice may free this 
static grip. This is where shifting the rudder, using heeling and/or 
trinoiiig tanks, or setting off jarring blasts cm the ice may help. 

Host Isxportant thou^ is the extracting thrust requirement, based on 
backing thrxist sufficient in itself to free the Icebreaker frosa this 
static grip. 

Hgure B-XXIX shows the forces acting on the bow. Figure B-XXX 
illustrates the free body diagram. 

SOlutloa of the free body diagram leads to the required extraction 
thrust, 

\ (E302) 

cos - sin ©ij^) 

Where « (cos ?) cos (l^ + ©j^^) + f^ sin (i^ + ©j^) 
and b^ = - (cos p) sin (i^ + 0^) f^ cos (ig + 0^^) 
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Caapvtber ProCTan 

ffiie soltitlon of all pluvious equatlona is extremely Icn^hy and 
there are several iterative processes involved. Bie digital con^mter 
has made it feasJlxLe to solve the entire prohlem. In fact it has made 
coaqparisons aixd further stxidy possible. 

Ihe foUovLng is a listing of the ii^ut data ^Ailch must be sx;^^pliedr 
EP Lajgth between perpendicijlars , ft. 

B Beam at waterline, ft. 

H Mean draft, ft. 

ms Displacement, lbs. 

Bk Bow angle (from base line to stem), radians 
SA Spread an^^Le complement (noimal to bow plating with respect 
to centerline plane), radians 
VI Impact velocity, ft/sec. 

AL ct, Waterplane coefficient, dimensionless 

CP LCP, Longitudinal position of the center of flotation (-if aft 
of amidships, + if forward), ft. 

CO LOG, Longitudinal position of the center of gravity (-if aft of 
amidships, + if forward), ft. 

QK KO, Heli^t of center of gravity above base line, ft. 

D Hel^t of thrust line above base line near center of gravity, ft. 
TB Bollard thrust which would be obtained for rpm used during 
crushing and sliding, lbs. 

CM GM^, Longitudinal metacentric height, ft. 

PK Ice/ship kinetic coefficient of friction, dimensionless 



t ^ij 












r« . c ■ 

.4— *j 

# 



f 



%4*r t>-i’ *•. • 



> 4 

• r 1 n • - 

• I* < - ■< >4^' ” 

. f ’f , -< - 

‘ * '« * rt««^c"i‘ 

^ -4 

/^ 

«4» *5^ • •■ V <1^“ 

," *" / V .,- **^4* 4w£ 

— V^in^ 

r ,' "^.T 

'^#»•\^. , <y*ai^4i/^ #^4i^p£. 

^ f*. i»Mi^ 

JE j'rKsvsr.’' f 4* 4»i.— t» 

^ rt^ If .J -4 V *f^ ^-» '*4 .«Aill»rt ta»4l*--4i«J«o- 

rt *t 

#5 iOJk; nl>:-^ » *tai- ■» 

^ !■ « Mli ’Wrf ^ -r'ffon/ 

U€^<* ^ ^ 

fM.1 , jtvAl ( l> •»• 

<r» .-.’s.N.i ./t 



•• r^r 



• lO 



(p 






•«< 



A£ 



- 93 - 



2 

SIG CoExpresslve failure stress of ice, Ib/ft . 

The most important output of the program is the relatively sus- 
tained dovnvard force vmder the bow during State 4. 

% 

Pb 2 ^ =s Vertical Force at Bow, lbs. 

In addition other output is available as follows: 

Xh a Forward motion from initial point of contact, ft. 

2h a Vertical position of the center of gravity relative 
to the original position at the time of contact, ft. 
THi*- a Final trim, radians 

WRAT « "White Batio « (DlBpiacen»nt)(ln^ct velocity) 

ET » Extracting thrust, lbs. 

BAT >« Extracting thrust/Bollard thzoist, dimensionless. 

Other information is readily available (if desired) as a function 
of time. 

X, XD, XQD = X, X, X* Forward position and its derivatives 

(ft, ft/sec, and ft/sec ) 

Z, ZD, ZDD « z, z, z’ Vertical position of the center of gravity and 

2 

its derivatives (ft, ft/sec, and ft/aec ) 

TH, THD, THDD » 9, 0, d Pitch angle and its derivatives 

2 

(radians, rad/sec, and rad/sec ) 
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Pg 2 Downward force under bov diirlng ell phases as a 

function of time, lbs. 

Other ovrtgpvi^ is available directly but is only incidental to the 
solution of the basic problem. ®iis includes total mass, including 
virtual (in each sense, x, s, 9 ), radius of gyration, pounds per foot 
Immersion, pitch damping coefficient, heave damping coefficient, and 
scores of coefficients used in the solution, 
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Suitable SiimLlflcatlons 

Scaae of the information required for the solution may not be 

known with much accuracy during the design stage. For that reason 

suitable aj»proxlraations are In order. 

For example „ 

C. , 



and KB = 



a 



+ a 



H 



where =* O.O30 + 0.1304 (a - O.65) 



(B207) 

(B203) 



Cjj » Block coefficient 

L » Length between perpendiculars 
H « Draft 

Of =» Vfaterplane coefficient 

Other such approximtions include KO (and therefore and 

bollard thrust. 



parametric Study 

The variation of a paremeter certainly has em effect on the sus- 
tained downward force. There are sixteen input variables. (The static 
coefficient of friction is only for the determination of extraction thrust. ) 
Of the sixteen, the following may not be considered independent: 



LCP, Ct, A, H, B, LBP 
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A change in any one of these involves a change in another. 

Some of the parameters axe relatively independent within reasonahle 
limits. These are as follows: 

Bdllard thrust, D (Height of thrust line), KG, LCG, P (the spread 
angle ccxnplement of the how plating), and, perhaps most significant 
ig (the how angle relative to the base line. ) 

A few of the parameters may he considered completely lndei>ej^ent. 

They are as follows; 

(in5>act velocity), fj^ (kinetic coefficient of friction), 

and (con^resslve failure stress of ice). 

The "independent” vanlahles will he varied over a sultaHe range 
to detenalne the effect cai the downward fores at the how. The iai»ct 
velocity will he varied along with each one. The remaining parameters 
will he assigned valxies representing the "Wind” Class Icebreaker. 
(Actually, the "Glacier” Class and the '^Lenin" Class will he used also hut 
the illustrations of resvilt will he based on the "Wind" Class. Conclu- 
sions, unless noted to the contrary, will he valid for all three classes. ) 

"White Ratio" 

For lac]^ of a better mme, the ratio is defined as 

WRAT a ' ( ' Diis ' ) ' (^ ' ) ®®®/^ (B214) 
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It is anticipated tlmt the downward force under the how will he 
affected approximatiiLy linearly with dlsjdacement and impact velocity. 

The coefficient ^White Hatio) may he of use for approximate comparison 
of the paraumter effects - 

Ihe "dependent variables" LCP, ct, t, LS*) may he varied 

only hy varyins other parameters simultaneously. For exanple, a change 
in Ct, the wateiplane coefficient, will cause a change in pounds -per -foot - 
immersion (accounted for autoiEatically in the program), the height of the 
center of huoyance (KB), and the distance froci the center of buc^ance 
to the longitudinal metacenter Keeping displacement leixgth, 

draft, cuod beam constant, the resulting change may he examined. 

Bie longitudinal position of the center of flotation may he changed 
slightly and a change in foma would then he necessary to keep displace- 
ment, length, draft, and beam constant. ®iis shift is Incorporated to 
find the effect. 

The heam-to -draft ratio is varied to investigate the effect. (Dis- 
placement is held constant as is length. ) A new solution for is 
necessary. 

TSqk length -to -hear.1 ratio (frequently h.O in polar icebreakers) is 
varied to investigate the effect. (DLsplacement and draft a3re held 
constant. ) A new solution for GMj^ is necessary. 

Displacement effect is Investigated three ws^s. One is slnply the 
cemparisem of three different classes of icebreakers (^nd. Glacier, Lenin). 
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A second vay is Ijy holding, for a given class, the length, draft, and 
heam constant 'while "varying the block coefficient (and conseqxiently 
displacement ) . 

Ihe -third displacement coo^rison is to vary the size of a given 
class of icebi*eaker such that geometrically similar ships (geosims) are 
generated. For cacBiaple, all lengths are multiplied by the scale factory 
volvaaes(i.e. displacement) ere multiplied bj' the scale factor cubed. 

means of the ■variatior.s indicated above it is possible -to detemdne 
>.4iat \’alues (i.e. high, low) would lead, to the geiaeration of the maxlwua 
sus-tained dovmward genez-ated by ramming. 

Model ^ramete3Ts 

In order to model test it is necessaxy -to multiply all ship linear 
dimensions by 1/2. See equa-blons (B222) and (B223). Coefficients arc 
dimensionless and are not changed. Likewise, bow angle and spread angle 
are not changed. 

The ship displacement and the bollard -thrust must be raul-tiplied by 
1/ See equations (B226). 

The cemapressi-ve failure stress of the ice must be nrul-tlplied by l/A • 
This, of course, implies that a different bow s-ipporting medi.ra nmt be 
vujed in model tests. (Care must be -taken to adjust the coefficient of 
kinetic friction if necessary. ) 
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Siace gravity and dynamics are involved, it is necessary that ship 
and model he at eqvii valent Froudo Excibers, 



% 




(B229) 



using the above "^asationed scales, the scaled final position 
(state 4. ) of riodd and shin will he identical and the downward forces 
under the how will he related as follows : 



m 




(B230) 



®ie relationship of time of events for the ship compared to the 
time of events for the model is 




(K31) 
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III RESULTS 

Prediction of Wesfwlnd Behavior 

The prohlen^of a ”Wind Glass ” icebrea’cer raining virtually un- 
yielding ice is so?uved tiaing the solution indicated in Cluipter II. Ttie 
pareaeters used are given in Table IV. Note that tlrree different ijs^jact 
velocities are used 11-32 ft/sec (6.7 Imots), 13*51 ft/secj(8.0 knots), 
and 15*52 ft/sec (9*2 knots). 

Ihe solution to the problem Includes x, z, and Q (as veil as their 
respective first and second derivatives as functions of time. In addi- 
tion, the downward force under the bow is determined as a function of 
tiiae. 

The choice of parruaeters is based on the characteristics of the 
Westwind at the time of tests nin dculng the summer of 19^3* During the 
period of contact with the ice, full throttle was used so the naxlHua 
value of bollard thrust is used in the program. 

figures VIII, IX and X are plots of the prediction of x, x, xj 
z, z, Zi ai^ 9, 9f 9 as functions of time for the run (3TB) with an 
iaqpaet velocity of 13*51 ft/sec. 

figure XI is a jdot of tlie predictions of z, q] 6, and x as functions 
of time for an iir^jact velocity of 11.32 ft/sec (Run 36 b). Figure XHI is 
similar but for Run 37B and Figure X\^ is for Run 3SB. 

Figure XII is a plot of the prediction of the downward force under 
the bow as a function of time for Run 3^B. (Figure XIV is for Run 37B 
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and Figure XVI is for Run ) 

It siuat be recalled that the solution is based on an icebreaJter 
identical to the^Wsstulnd except tliat it was ass'^cusd the oteax vas strai^t 
and continuous from the waterline to the keel. 



Obser’mtton of Weatvlnd Trialg 

In the svee»r of I963 trials were ren using the C.G.C. Westwlnd 
off the northwest coast of Greenland. (37) 

The following values pertain to the trial runs of interest (26): 
BP » 250.0 ft 

B a 6l|..0 ft 

Draft frd 25. 0 ft 

Draft aft ZJ.^ ft 

Mean draft H ■» Z 6 . 2 ^* 

El (bow angle) =» 0,523 

SA O) » 0.886 

AL (a) « 0.724 

SIO (failxrre stress of ice) <= 19.6 kg/ca (27) 
in tension 

Incidentally^ the ice thickness exceeded 58O or 19-0 ft. 

By conversion, 

SIG = 279.0 Ib/in^ =.40,200 Ib/ft^ (in tenslcsi) 
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Fr<su the "Dtaplaceaent and Other Curves” for the Vfcstwlnd (28)^ 

Tr3jn = 2,5 ^*t "by the stem 

H « 26.25 ft 

ms « 5600 tons 12, 5 3'^, 000.0 Ih 
From a ”Wlnd Class” inc3.1ning experiment (29)» f02* noimal load, 

CK (height of c.g, ) = 23* ‘V ft 

CF (longitudinal position of c.g. of vaterplane) w -1. 3 ft 
UFncorrected LCB = - 2. it- ft 

Moment to change trim i" « I8.6 x 20 « 372 ft -tons 

Moment « (372)(30) » H,l60 ft-tons 

Shift of LCB aft - ■ = 1.99 ft aft 

LOO » LOO « -2.40 - 1.99 = -4.39 ft 

Bow ans3.e is Increased due to trim by » 0.010 rad. 

BA » 0,533 

At the center of gravity, the thrust line is approxinatelj I6 feet 
above the keel. Therefore, 

D = 16.0 



Fiom equation (B2C^) 
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% “ WflM 
« o.k6k 

% 

Froa equation (B2O7) 

From equaticsi (B203)^ 

0.1304 (a - 0.65) 

®ijf * 0.030+0.1304(0.724-0.^0) 

* O.OP + 0.1304 (0.074) « 0.0396 

From equation (B206) 




From equation (B2U)j 

<*i - ra ^ 

®t . (X6.0) + (203.0) - (23.lt) • 195.6 ft. 

Msodmm thrust ime used duilixg the eliding end crushing ;{^se. 
Ifaxiimsii bollard thrust for the "Hind dase" is 2'r0,000 lbs. (4). 
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In svinnaary, the values given in !Dahle IV pertain to the three trial 
nais of interest. 

The observed behavior of these three runs is given in Plgures XI, 

Xm and XV. ISxese are plots of z , d (measured by accelerotaeters ) (the 
one for z* was mounted near the center of gravity. ), © (measvired by 
gyro), and x (as measTired using '^ydlst”. The value of x was not con- 
sidered to be reliable according to ETHB personnel. 

It is noted that the protrusion of the housing for the foitoerly 
installed bow propeller would come in contact with the ice after about 
1.4 seconds in Run 3^B (about 1.2 seconds for 37B. ; about 1.0 seconds for 
38 b). For that reason, observed results are not plotted much beyond those 
times. 

figures XII, XIV end XVI are plots of the strain reading in the 
transverse direction at the lower portion of a forward transverse bulk- 
head. Ihere is no direct correlation to the magnitude of Ihe load at the 
bow. However, the strain on that bulkhead Is primailly created by the bow 
load. For that reason it is plotted to show that the maxiiiua peak load 
occurs abotct half a seccmd after l3xLtlal contact xather than when the 
icebreaker has come to a stop with its bow well up on the ice. 
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TAHJE IV 

FABAiSBTERS USED FOR FULL SCALE 1!EST COMPARISOK 



WESTWnn) 



BP 


S3 


250.0 ft 




B 


St 


6ifr.O ft 


R 


“ 


26.25 tt 




ms 


at 


12,530,000 lbs 


BA 


S3 


0.533 rad* 




SA 


ss 


0.886 


AL 


« 


0.724 




CP 


s 


-1.30 ft 


OG 


BS 


-4.39 ft 




CK 


- 


23.4 ft 


D 


88 


16.0 




TB 


tt 


270,000 lbs 




8S 


195.6 ft 




FS. 


3S 


0.2 


PS 


C» 


0.8 




SIG 


at 


144,000 lbs. 


Run 36 b 


In^jact velocllgr. 


VI 


« 11.32 


ft/sec 


Run 3TB 


lia^ct velocity. 


VI 


» 13*51 ft/sw 


Run 38 b 


B^ct velocity. 


YL 


= 15.52 ffc/l 


sec 



subtly greater than 30 ° to aeeotint for initial trla. 
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Effect of Variation of Parameters on Bov Force 

Figures XVII throu^ XXIX are plots of the icebreaking force (sus- 
tained, State as a function of each paraaeter. A "Vftnd Class** ice- 
breaker, os indicated in Ihble V, is used as the paz^t in each case. 
The paranieters, in aany uses, are not independent. 5be pirocedure is 
explained in Chapter II. 

In each case the impact velocity is also varied (5,10, I5, 20, 25 
ft/sec) and the plots reflect the effect of three Increments of iJi^act 
velocity (5, 15# 25 ft/sec). 

Ttie entering argument for each plot is expressed in dlmensloxxless 
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TAHiE V 

PAKftMETERS USED FOR ICEBREAKIliC} CALCULATI0B3 
^ (UHLE3S OTHERWISE NOTED OK FIGURES) 



WIND CLASS 

BP a 250.0 ft 
H « 25.75 ft 
BA =« 0.523 rad. 
AL = 0.724 
CO = -2.40 ft 
D » 16.0 ft 
GM a 195.6 ft 
FS = 0.8 



GLACIER 

BP » 290.0 ft 
H » 23.0 ft 
BA « 0.523 rad 
AL « 0.800 

CO = -2.78 ft 

D = 16.8 ft 
CM = 275.0 ft 
PS « 0.8 



LSHIK 

HP = 420.0 ft 
H » 30.25 ft 

BA = 0.523 rad 
AL « 0.800 
CG » -4.04 ft 
D « 18.8 ft 
GM » 545.0 ft 
PS » 0.8 



B » 64.0 ft 
DIS » 12,100,000 IbB. 
SA = 0.^6 rad. 

CP « -1.25 ft 
gk « 23. '*0 ft 

TB » 270,000 lbs 
IK =0.2 „ 

SIG = 144,000 Ibs/ft"^ 



B « 72.5 ft 
DIS « 19,350,000 lbs 
SA = 0.836 rad 

CP « -1.45 ft 

CK = 24.5 ft 
TB = 455,000 lbs 
IK » 0.2 „ 

SIG « 144,000 Ibs/ft 



B * 90.0 ft 
HIS = 35,800,000 lbs 
SA a 0.886 rad 
CP = -2.10 ft 
OK » 27.5 ft 
TB - 730,000 lbs 
IK = 0.2 j, 

SIG = 144,000 Ibs/ft 
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Effect of Dlsplacgaent and Inpact Velocl-ty on Bovf Force 



B'igure XXX is a plot of icebreaking force as a function of dis- 
placement for three different iuqpact velocities. The dlspleceaents 
represent the ’Vlnd C3.ass", "Glacier Class", and 'tenln Class’'. In 
reality only the nine points plotted are the direct result of calcula- 
tion, The curves have been dravn in to rcpi*esent the trend. 

Figure XXXI is a plot of Icebreaking force as a function of iii^ct 
velocity for the three above-mentioned classes of icebreakers. 

Figure XXXII is a plot of icebreaking force as a function of dis- 
placement for an iu^pact velocily of 15 ft/sec. There are three cuirvesji 
each cxurve represents icebreakers which are £^o«etrlcally similar to the 
parent icebreaker indicated. 

The parameters used for the parent icebreakers are given in Table V. 

Effect of Variation of Parameters on "White Batlo" 

As indicated in the procedure, since the Icebreaking force is 
approximately linear with respect to impact velocity and dls^acemsnt, it 
appears useful to divide the icebreaking force by displacement times 
velocity (which is the "VJhite Ratio"), 

Figures XXXIII throu^ XXXX are plots of this ratio as a function of 
various parameters. Bieae are based on an iagjact velocity of I 5 ft/sec 
although other velocities give approximately the same value. The three 
major classes are each plotted so that similar tendencies and magnitudes 
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Eiay be illvistrated. 

Bie pai’saietero for the three parent icebreakers are given in 5feble V. 



Extracting Thrust 

Hguros XX07. and XXXXII are plots of the ratio of extracting 
thrust to the maxiiaum (forward) bollard thrust available as a function 
of bow axigle, coefficient of static friction, and Is^ct velocity. In a 
sense. Figure XXXXII is a set of cross -curves of Figure IXXXI. 

Pigure XXJQCEII is a plot of the ratio of extracting thrust to the 
bollard thrust as a function of the spread an^e caiiplesssnt (for 
various israact velocities of the three m^or classes). 

The j^iraiaeters used are given in Table V. 
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todel Correlation 

The x^er portion of Elgxxre XXXXIV shows the prediction of ice- 
breaking force of a model as a functiOTi of tine. The lower portion 
shows the prediction of icebreaking force of a geometrically similar 
ship as a function of time xdxen the scale ratio, , is 100 : 1 . The 
paraioeters xised in the two solutions are given in Table VI. 

Table VII gives the predictions of State 2 (end of crushing) 
and State 4 (static) valxies for model and ship respectively. 
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TAHLE VI 

PARAMETERS USED IK MODEL-SHIP PREDICTIOK 
(4= 100 ) Oand Class) 



t-todel 



BP = 


2.500 ft 


B a 


0.640 ft 


H = 


0.^7 Xt 


DIS = 


12.10 lbs 


BA = 


0.523 I'sid. 


SA a 


0.886 rad 


VI = 


1.00 ft/sec 


AL a 


0.724 


CP * 


- 0.012 ft 


CG a 


- 0.024 ft 


GK » 


0.234 ft 


D a 


0.16 ft 


TB » 


0.270 ft 


CM a 


1.956 ft 


JK « 


0.20 


PS a 


0.80 


SIG « 


1440.0 Ib/ft 







BP a 


250.0 ft 


B a 


64.0 ft 


H a 


25.7 ft 


DIS a 


12 , 100 , 000.0 


BA a 


0.523 rad 


SA a 


0.886 rad 


VI a 


10.0 ft/sec 


AL a 


0.724 


CP a 


-1.25 ft 


CG a 


- 2.40 ft 


<K a 


23.4 ft 


D a 


16.0 ft 


TB a 


270,000.0 lb 


(M a 


195.6 ft 


IK a 


0.20 


PS a 


0.80 


SIG a 


144 , 000.0 lb 







lbs 






I 



S it ♦ fL - 

. , 4 * ^ 

'sf'. *- • 

f <•> ♦ i 

.-'i ^ ^ a 

Hi r • 1^1 



n i • • 

f • .- 

fu^ 4 -* • 

-i 'u L • 

* j: / 

^ <li.O . 

t ^Jj> • 

* * ‘ * 

\*j ' •'-'I*-' *■ 



; l i) ^ !Z 

•*?■ C »^0*^J,*1 • ^ 

(A 

4i-' 1» 

’4- s- G? 

tf'> ;• >i . 'i 

'?’ t 3^ 

' f'.'- I 




T • 

c < .Jr c.n 

- 

v.%*X .-'•/ • 



, jt:ji 9 if c C^ » . , i n e 1^. « li 



- 149 - 



table VII 

COMPARISON OF STATES FOR MDDEL-SHIP 
( 100 ) (Wind doss) 



Model 

State 2 oS = 0.06298 sec. 

TH 2 = 0.00555 rad THD 2 = 0.33924 THDD 2 = 15.35228 

Z2 = - 0.00111 ft ZD2 = - 0 . 06 '/ 5 T ZDD 2 = - 3.04988 

X 2 a 0.06298 ft XD 2 a 0.86371 XDD 2 » - 5-95698 

FXC 2 a 0.24219 xlO'lb PZC 2 * O.2I189O x 10 * lb 

State 4 

X 4 = 0.24292 ft Z 4 a -0.01871 ft TH 4 a 0.07567 

Vertical force at bow « O.14587 x 10 * lb 
White Ratio « O.I2O55I 
Ebctracting !Rmist « 0.46863 lb 

Ratio of Extracting ©urust to Bollard Thrust = 1.736 



Ship 



State 2 T 2 = 0.63496 

TH 2 =. 0.00556 rad THD 2 = 0 . 034 ^ 

Z2 = -0.11101 ft ZD2 » -0.68218 
X2 » 6.34961 ft „ ZD2 = 8.63136 
FXC2 = 0.24486 X 10' FZC2 = O.25165 



THDD 2 = 0.15531 
ZDD 2 = -3.0^28 

ZDR2 = -6.02285 

X 10 ' 



State 4 

X 4 = 24.35203 ft Z 4 a -1.87490 ft, TH 4 = 0.07568 
Vertical Force at bow = 0.14591 x 10 ' lb 
White Ratio = O.OI2058 , 

Extracting Tharust » 0.46874 x 10^ lb 

Ratio of Extracting Thrust to Bollard Thrust = 1-736 
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IV Discussion OF RESULTS 



Genearal 

55i« Most significant restilt of this research is the establishment 
of a method of solution for determining the downward force under an 
icebreaker bow> this force is the result of ranmiing the ice and is a 
relatively sustained force. The ca^lete coarputer program is given la 
Appendix B end yields the force under the bow as a function of l6 inputs. 
(l4 are characteristics of the icebreskeri 2 pertain to the ice. ) The 
object of this research has thus been fulfillod - ”a siiitablc equation 
for the prediction of the dynamically developed force at the bow of an 
icebreaker during encounter with vlrt\*ally unyielding ice”. 

Validity 

Pull scale tests wei« made in 1963 to determine structural strains 
during ramming. As part of these observations other measurements were 
made (i.e. z*, 9, ©* and x). Figures XI, XIII, and XV show the predicted 
and observed values as functions of time. Comparison can be made only 
up to the time when the bow knuclU.e coiaes in contact, as indicated in 
Chapter II. The agrees^t of prediction and observation is quite obvloxis 
with trim angle, 0. The egreement of prediction and observation is very 
good with velocity, x (with the exception of Run 37B where the observed 
value was known to be in error). 
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The correlation "between predicted and observed values of accelera- 
tion (z* and 8* ) is much better than wuld seem apparent to a castial 
observer. It must be recalled tliat the prediction is for a solid body and 
that the observations were made on an elastic body. The prediction is 
essentially an impulse, similar to striking the end of a beam with a 
sledge hauEjer. The response (observation) is a vibration of this beam 
(ship) at its natural frequency. The accelerometers sense end record 
this vibration and do not feel the incise that a solid body would have. 

Ilgures VIII, IX, and X show, to a more readable scale, the pre- 
dictions of X, z, and 0 (along with their respective first and second 
derivatives) for Run 37B. Iiispeetion of these curves reveals a more 
meaningful representation of the prediction. 

Figures XII, XIY, and XVI illustrate one basic idea and observation. 
The observation shows that there Is a peak strain on a forward transverse 
bulkhead which occurs at about one half sec<md, while the ship doesn’t 
come to a stop until three or four seconds later. This peak is important 
because it implies that there is a maxlrtua bow force during load crushing. 
This force may be quite readily seen in the prediction curve for the 
force under the bow. time this peak occurs is quite dependent on 

the corapresslve failure stress of the ice (although the ultimate value of 
sistained force is not sensitive to the stress - as will be e3q>lalned 
later). For example, using a stress of 144,000 Ibs/ft leads to a peak 
(for Run 37B) at about 0.6 seconds. If 40,000 Ibs/ft^ were used the peak 
would occur at about 0.9 seconds. 
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Frota the above -mentioned coEtpaidscais It Is realized that the 
Bathematlcal model of this dynamic motion and the corresponding force 
\mder the bow*does give a valid representation of real dynamic icebreaking- 

Variation of Parameters, Effect on Downward Force 
Compressive Palltire Stress of Ice: 

As nay be seen in Figure XVII the dynamically developed force voider 
the bow is insensitive to the cocpcressive failure stress of the ice. As 
noted curlier, the impulse peak coeaes earlier (and is of greater magni- 
tude) wh^ the stress is increased. OIrvlously the ship designer does 
not have control of this characteristic so it is indeed fortxmate that 
this parameter is not signifi<^t. 

Ratio of Hei^t of Thrust Line to Draft: 

As used in the calculatioas, the '*hel^3t of thrust line” represents 
the appiroximate distance fr(m the base line to the shaft line measured 
at the longitudinal position of the center of gravity. 

Figure XVIH illustrates that the downward force is Insensitive to 
the height of the thrust line. 

Ratio of Bollard Thrust to Ddsplacesient : 

It is interesting to note, from Figure XIX, that the application of 
full power, once initial contact is made. Increases the downward force by 

5 

nils section of the discussion is based on W.nd Class calculations but 
is valid for the Glacier end Lenin. 
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only a few percent. Bollard thrvist Is very In^oortnnt, but for two 
reasons not iacaediately apparent here. thrust capability is 

necessary to attain worthwhile Impact velocity in a short distance. As 
will be noted later, backing thrust of large magnitudes is very inportant. 

Ratio of LongitudlnaJ. Position of Center of Gravity to Length: 

Figure XX illustrates that the downward force is insensitive to the 
longitudinal position of the center of gravity. 

Ratio of Longitudiml Position of Center of Flotation to Length: 

Figure xn lll\istrates that the downward force is insensitive to tiie 
longitudinal posltl^ of the center of flotation. 

Length-to-Beaa Ratio: 

Althou^ the b<»m is isportant as it affects transverse stability, 
the width of the channel established, and maneuverability, the length «to> 
becm ratio has little or no effect on the downward force. Ihls is 
apparmt in Figure XXO. 

Ratio of Hel^t of Center of Gravity to Draft; 

Figure XXIII indicates that there is a slight advantage in keeping 
the center of gravity r^atively low. ISxere is naturally a gain in 
trwisverse stability also. Sowever, this variation should not be con- 
8ide3red as significant in the design of tm icebreaker since the magnitude 
of change is only a few percent in a shift of one tenth of the draft. 
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Beam-^JO-Drafl; Ratio: 

As may be seen in Figures XXIV and XXXIII, an increase in the 
beam-to -draft ^ratlo ca\;isea a definite incirease in the downward force. 
Althoi:^ beam and draft are normally determined on the basis of other 
considerations, •:^sre possible a p3reference shoiild be given to hi^ 
beam-to -draft ratios. 

Wateiplane Coefficient: 

If the WBterplans coefficient is increased (implying a reduction 
of the vaterplane coefficients of ixsoersed vaterplanes) there is an 
incx'ease of magnitude of longitudinal metacentric height. ConsoQuently 
there is a greater downward force. Ihis lasy be seen in Figures XXV 
and XXXIV. 

Block Coefficient: 

Figure XXVI indicates that the downward force may be Increased by 
increasix)g the block coefficient. However, the reason for this increase 
is that the dispOLacement has been increased correspondingly. It Is to be 
noted from Figure XXXV (where the force has been divided by the product 
of impact velocity and displacement) that increasing the block coefficient 
decreases the downward force with respect to displacement. 

In substance, this means that where a choice is possible, it Is 
preferable to have a large (by linear dimension) icebreaker than a saa3JL 
full one (large Cj^) of the same displacement. 
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Spr<sad An^e Coci^enent: 

As may be seen f3roQ Figure XXVH> an Increase In the spread angle 

coc5)lejaent (laaldJig the bow ”Bharper”) causes a reductiai in the downward 
% 

force tdilch can be attained by ramming. Figure XXXVZ Illustrates the 
same jwsviLt. It la to be noted that there is a significant reduction 
if bows were to be "sharper" than those on the three major classes 
Investigated. 

A decrease of the spread an^e coc^ement (making the bow "blunter") 
causes an Increase in the downward force which can be attained by i*aaaing. 

As win be discussed later, it is im^rtant to note that making the 
bow "bltarter" also decreases the amount of thrust necessary for extraction. 

Coefficient of Kinetic Frictlcm: 

As would seesa obvlotis, an increase in the coefficient of kinetic 
faction causes a reduction in the downward force, "niis laay be observed 
in Figure XXVIII and in Figure XXXVH. 

Ifofortunately, the coefficient cannot be readily controlled since 
it depends on the ice as well &s the ship. It is apparent, however, 
that any reduction of this coefficient would be of value. Smoothness 
of the bow or the ap]^ cation of a durable low friction coating should 
certainly be considered. (A reduction of l/lO in coefficient may lead 
to a 20 o/o increase in downward force. ) 
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Bow An^e: 

Probably the moat frequently dlacussed variable of Icebreaker 
design is the an^e the stm makes vlth the base line. As long as the 
attaining of maximum downward fbrce as a result of ramming is the main 
consideration, it is of great desire to have a relatively small bow en^e. 
Par exan^le, an icebreaker with a 20° bow angle could exert (by romanlng) 
about 20 o/o more downward force than an equivalent Icebreaker with a 
30 ° bow an^e. !IMs nay be observed quite clearly in Figures XXI2C, 

xxxvm, and xxmx. 

In Figure XXIX line A-A indicates the condition where the peak 
load (vertically) dviring crushing is eqr«l to the final sustained down- 
ward force. The area to the ri^t of line A-A is a region tiiere the peak 
crushing load is greater than the svtstnitKJd value. For exas^le, at 30^ 
the peak cmshing load is about twice the magnitude of the sustained 
downward force. Tlierefore it is desirable to reduce the bow an^e in 
order to reduce the relative Intensity of this peak load. 

unfortunately, decreasing the bow ai^e inc3reases the thiust necessary 
for extraction, as will be explained later. 

Dlsplaceaient : 

Figures XXX, XXXI, and XXXII all Indicate that an increase in the 
displacement causes an increase in the downwaivi force, as would be 
anticipated. 
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KLgure XXX sir^jly chows the effect of dioxileceaietit "by plotting the 
restilts of the three major classes of Icebrcaher Investigated. It is 
significant that the downuard force (in the full scale range) is approad- 
mately lineair with respect to displaceasent. Figure XXXI is a set of cross 
ctorves of the same inforraation. 

Figure XXXII shows the effect of increasing displacement by genera- 
tion of geometidt^Uy similar icebreakers. It is dear ttet the downward 
force is approximately linear ^d.th respect to dispioceaent. It is also 
dear that "geoelirffi" of the three dasses sdected produce about the 
seme downward force at any given displacement. 

topact Vdocity: 

As may be seen in Figure XXXI ^ the downward force produced as a 
resdt of rararalng is approodmately lin^ur with impact velocity. For 
example, a Wind COLass icebreaker produces a downward force of about 
11/2 million pounds after iiipacting at 10 feet per second (about 6 
knots); 3 million pounds is produced at 20 feet per second (about 12 knots). 

It is also interesting to note that a Wind dess icebreaker can 
produce, at I5 feet per second (about 9 knots), the same downward that 
the Glacier produces at 9 feet per second (about 5-3 knots). Diis is 
quite significant lAen one reallaes the dacier has about 60 0/0 greater 
displacement. 
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Is^cting at hi^er velocities is probably the most productive vay 
of increasing downward force. However, this neans that the peak crushing 
load will he greater also unless the how angle is reduced frcra the 
present practice of 30 °. 

As will he seen later, the necessary thrust for extractiem will 
prohahly (hut, oddly enough, not ^necessarily”) he increased. 

Higher impact velocities require more thrust for acceleration - and 
probably loore confidence and courage on the part of a coamnding officer. 

Hgure X3Q£X shows the relative insensitivity of "White Ratio" with 
variation of inq>act velocity. Since the ^’White Ratio” is the downward 
force divided hy the product of impact velocity and displacentent, it is 
again clear that the downward force varies linearly with icqjact velocity 
(and dlsplacemiKit). 

Extracting fihrust 
General: 

Since the extracting thrust necessary to pull the ship off the ice 
is directly related to tlus downward force under the how (and the angle 
at \dilch the static friction is applied), it my he safely stat<^ that 
practically any variation of parameter which causes an Increase in down- 
ward force also causes a corresponding increase in extracting thrust. 

The effect of chtmge in some parameters is worthy of mention, 
I«rticularly hecaxrse there is one notahle exception to the above generality. 
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Static Coefficient of Friction: 

As my be readily seen in Figures XXXXI and XXXXII, and as is in- 
tuitively obvipus, s decrease in the coefficient causes a decrease in 
the extracting thrust. 

The plots use extracting tlmtst divided by zaaxirium bollard thrust 
(ahead) as the ordinate. At first glance it would not seea likely that 
an icebreaker with a 30® bow angle co^d.d extract Itself if the coefficient 
of static friction were 0.8 (as used in aost calculations). However, in 
spite of eactractlon difficulties, all the icebrealcers have managed to 
brealt free. This is readily explained when one considers the other 
factors Inflttenclng retraction such as shifting the rudder, using 
trimming and heeling tanks, end explosive charges on the ice. 

E3q)€rlence would Indicate that an extracting thrust to bollard 
thrust ratio of approximately 2 is not unreasonable for a valid icebreaker 
design (presuming the coefficient is about 0.8). However, rcperlence has 
shown that we are not far fran the threshold with present designs. 

Bow An^e: 

It is obvious from Figure XXXXl, a decrease in bow angle causes a 
very significant increase in extracting thrust. For exanple let us assume 
that a value of 2 is a tolerable limit for extracting thrust to bollerd 
thrust ratio (as above). Kote that we are approximately in that range 
(or below) with a 30^ bov^ angle. However, if a Wind Class icebreaker had 
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a 20 ° bow nn^e the ET/!TB ratio goes to ajjproximtely 7 (for 25 feet per 
second), an obviously intolerable value. 

Yet we have seen that, for reasons of Increasing downward force 
and decreasing the relative peak crushing load. It is desirable to 
decrease the angle. Apparently reduction of the bow angle (below 
present 30° practice) cannot be wisely undertaken unless there is a re- 
duction of static friction (or, as will be seen later, a "blunting” of 
tiie bow). 

* o 

Figure XXYXII shows quite clearly that an icebrealcsr with a 20 

bow angle could be operated as safely (from the point of view of ex- 
traction) as an equivalent icebreaker with a bow ar.gle of 30° if there 
were sene way of reducing the static friction two tenths (i.e. from 0.7 
to 0.5). 

It is recoanended that strong consideration be given to some n^hod 
of reduction of static friction. 5 Ms could be accomplished to some 
degree by nuking the bow smoother. It seems probable that durable, low 
friction coatings could be used. So-called "no stick” coatings ore in 
ocBBOB use in other applicaticais. They are even used on snow shovels to 
prevent sticking. Although the use on snow shovels points out the 
reduction of static friction it does not necessarily represent the 
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The numerical values are also approximetely valid for the Glacier 
and Lenin. 
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durability. Sowevar, the Air Force uses such a coating (Teflon) on the 
skis of soKbB of its heavy aircraft to prevent adhering to the ice. In- 
vestigations along these lines should prove vortdxwhile. 

It is also interesting to note, in Figure XXXXII, that a reversal 
taJtes place at low values of static friction. For example, an icebreaker 
(with a 3^*^ bow an^e) requires about half bollard thrust to extract if 
it hi^ ii^Effloted at a low velocity of 5 i’sct per second (about 3 loxots) 
when the coefficient of static friction is about O. 55 . However, little 
or no backing thrust is required if the lrg?act vdocii^ is 25 feet per 
second (about 15 knots). Ihis is because it Is a scnewhat critical 
region for static friction and the hif^er iiapact velocity has given a 
greater trim an^e. 

Spread An^e Ccaiplement: 

As WE^ noted earlier, as an icebreeJcer bow is Esade more bltnit the 
downward force is increase. Most significantly however, the necessary 
extraction thrust is reduced. IStiLs may be seen clearly in Figure XXXXIII. 
For example, if a >H.nd dess Icebreaker with the regular (about 50*^) 
spread an^e coa©len«ait 3racas the ice at 25 feet per second the extracting 
thrust is about 3 titaes the bollard thrust. If the same icebreaker had 
a bltmter boi/ (aboirt 25 ® spread angle cooplament) no thrust at all 
would be required for extraction. 

It is to be noted that this is the only variable which can be 
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changed and in^rove downward force and extracting chaitxcterlstics at the 
same time. It Is recccnaended that hows for polar Icebreakers be designed 
with a smaller spread an^e coEgdement (a blnnter bow). 

It should be realized that reducing the spread angle complement 
lnci*ee6es the entrance angle of the bow (meosvired in the waterplane). 
However, the entrance angle may be sreduced by decreasing the bow angle. 
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It is quite apparent (from Ilgure XXXI ) that there ■would be a 
considerable gain at'tained in dovnword force (and relative decrease of 
peat ■’.oad durfiig cirushing) by ■using annJl. bov; angles. Yet it is also 
apparent (from Figure XXXXl) that the bov an^e, for extraction, should 
be rela-tl'vely high. Eowever, the need for this hi^er bow angle exists 
only at S-ta'te 4. Sheroforc it is recoenr^jended that ■this higher angle 
exist only at lower sections of the o-tesa, where ■the stem and bow plating 
■would be in contact ■with the ice once the forward motion had stopped 
(state k). 

Ute resvilt of adopting this idea votild be as shown in Figure XXXXV. 
Bie stem is sli^tly conca-ve. ®ie initial contact ■with the ice ■would 
come where ■the bov is at a 15° to 20° angle, ihe slope would change 
continuously down to the lower portion of the stem such ■that the bow 
angle ■would be sli^^tly in excess of 30° In the area ■which ■would be in 
contact during State 4. Partlctilarly considering ■the recoimaKida’tion for 
a small spread angle coeg^ement (blunter bow), this should lead ■to 
higher stis^tained downward force, rala-ti^v^y smaller peah load during 
crushing, and elimination of esctraction difficulties. 
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Model Correlation 

As seen in Figure XXX3CCV, model predictions may be scaled up to 
ship predictions based on the equations and scaling factors given in 
the procedure. 

NatursQJLy the laodel must be geometrically similar. TMs means that 

' ■s 

linear dimensions are related by /(and that volumes are related by . 

Coefficients remain the saime. 35ie cocrpressive failure stress of the 
ice (or simulating siqiport for the bow of the model) must be related by 
X • Model and ship are to be operated at the same fVoude Nuaber at 
iB^Ct. 

Cie vertical force at the bow of the ship is ^ ^ times the force 
at the bow of the model. The time -of -ship -event is times the tlme- 
of -model -event . 

The distences and positions are related by }\ as may be seen in 
Table VII. It is noted that extracting forces are related by A^. 
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V C0KCLUSI0I1S 

General 

The laathematical model of icehreaJcer motion and corresponding 
downward force «under the bow (given in the Procedure) is valid. 

Therefore, the cos^niter program may bo used for the prediction of 
dynamically developed force at the bow of an icebreaker during encounter 
with virtually unyielding ice. 

Effect of ParesBeter Variation 

There is no "optimum" value for any one parameter for maximum down- 
ward force. In other words, all curves of downward force as a function 
of a given parameter are without peak or hollow. (The derivative of the 
curve does not go to zero. ) 

The following is a list of causes which will give the effect of 

increasing the downward force developed by ramming; 

Increase of displacement (cpproxiinately linear relationship). 

Increase of impact velocity (approximately linear relationship). 

* 

Decrease of the bow on^e. 

Decrease of the spread an^e cocplement (blunter bow). 

Decrease of the coefficient of kinetic ftriction. 

Decrease of the block coefficient. 

Increase of the wateiplane coefficient. 

Increase of the beaa-to -draft ratio. 



2Ms decrease of bow angle also lessens the severity of the peak 
lo€id at lupact relative to the final downward force. 
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The folloving parameters have little or no effect on the down- 
ward force developed hy ransaing: 

Ratio of height of center of gravity to draft. 

Length tcteheam ratio. 

Ratio of longitudinal position of center of 
flotation to length. 

Ratio of longitudinal position of center of gravity to length. 

Ratio of bollard thrust to diapLacement (except as explained in 
Dlscvission). 

Ratio of hei^t of thrust line to draft. 

Concessive failiire stress of the ice. 

Extracting Pirust 

With the reception of the spread an^e complement, all 'dilations 
of parameters which cause an increase in downward force also cause an 
increase in the extraction thrust. 

Decreasing the spread an^e coa::^ement reduces the extracting 
thrtist markedly while in5)raving the downward force characteristic. 

It should also be noted that any technique iised for reducing kinetic 
friction (which would Increase the downward force) would piobably 
reduce the static ffiction (which would decrease the «ctracting thsrust). 

A reduction of the coefficient of static friction significantly 
reduces the extracting thrust. 
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Model Correlatlcm 

In icebreaJcer laodel tests the results of force may be scaled by 
A if the Froude Kuaber of the model at impact is the sane as the 
ship and if the ’’vlrtxially iinylelding ice" of the model test has a 
CQBjpressive failure stress equal to the failvire stress of the ice 
divided by )\. 

53ie position my be scaled using A based on the relationship that 
the time -of -ship -event equals V A times the time-of -model -event. 
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VI RECO^SffiKIATIONS 

General 

It Is recoaamended that the characteristics of any proposed i>olar 
icebreaker be ^ed in the mthemntical model (computer program) to 
investigate the dowiniard force developed by ramming. The program should 
also be used to determine extracting thrust and the peak load of the 
crushing phase. 

Selection of Char-acterlstics 

If attainment of the maximum downward force were the prime ob- 
jective in the design of a polar icebreaker, the following choices would 
be significant: 

Large displacement 
in^ct velocity 
Snail bow an^e 
Snail spread angle con^ement 

Low value of kinetic friction (dependent in part on the ice). 
Snail block coefficient (if displacement is constant) 

Large waterplane coefficient 
Hl^ beam-to -draft ratio 

The following characteristics may be disregarded (concerning down- 
ward force); 

Ratios of 

Hei^t of center of gravity to draft 
Length to beam 
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Lon^tudinsl position of center of flotation to lenstb 
Lon^tudlnal position of center of gravity to length 
Bollard thrust to displacement (except as explained in Disctioslon) 
Height of thmjst line to draft 

®ie free selection of apparently desirable characteristics is 
limited by the extracting requirement. It is recommended that ex- 
tracting thrust requirements be kept in mind (and evaluated) ^en 
selecting characteristics. 

Decreasing the spread angle co2q)lement and reducing friction in 
geneial (both static and kinetic) are the only vays of simultaneously 
increasing downward force and reducing the extracting thsnist requirement. 

It is reconaended that future polar icebreniters have blunter bows 
(measured in a plane pei-pendicular to the stem). 

It is furtheraore recommended that significant efforts be made to 
reduce friction between the hull and the ice, particularly static 
friction. One of the most hopeful solutions is in the use of durable 
”no-stick*' coatings as discussed pa-evlously. Other techniques my also 
be possible (i.e. ’lubrication” or heating). 

If a liseful techxiique for reducing this static friction becomes 
possible, then it would be recocmieiJided that the bow angle be selected 
ffcm values less tluin the presexitly used 30°. 

Hhrust should be as great as possible conaensurate with other con- 
siderations. A larger thrust aHoiira higher i*ates of steady icebreaking. 

A large thrust allows greater acceleration in a relatively shorter 
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dlstance to attain a desired Is^-ct velocity, -Mhich is qviite in^KJrtant. 

EacJclng thrust is equedly iii5)03rtant. If higher hacking thrusts vere 

avallahlG then it would he possible to select characteristics which 
% 

would increase the downward force tmder the how without as severe a 
limitation imposed by extracting requirenents. 

Since hl^ thrxist at low speed (or nero speed) is extremely 
desirable, efforts should he made to select (or design) for rjaxlmra 
hacking thrust at 100 percent slip, even at the sacrifice of c^en water 
efficiency, ALthou(^ setae work has already been done ( 8C) concerjiing 
the use of Kort Nozzles, uruch more investigation is needed and 
recotamended. 

Model Testing 

It is recoraaended the model test of ranmlng he undertaken \iaing 
a Froude Nujaber for model operation which is the same as the ship at 

irvact. 

Bie inodel that may he similar to that i;ised by Eidiardson ( l6) and by 
McMahan and Abrahams (4o). Hovrever, it is necessary that the 
material used as "ice” have a significantly lower conipresslve fallvire 
stress specifically 1/ )s times the compressive failure stress of ice. 

Bals will allow local crushing to accommodate the how of the rK>del to 
the same relative degree as the how of the ship. This will lead to 
results which may he scaled. 

Care must he taken to Insure that vibration of the support for the 
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”ice" is eULrdnated. or miidjoized. 

Throush cuch tests other effects^ sxich as loss of stability ijlien 
encountering ■•/irtually unylelcing ice, raay ba ejscnined. 

Bov gia 7 )e 

It ir. rccoimaended that the bas^ shap<i of polcr icebreakers incorporate 
the ideas illiistrated in Hgure XXXXV. The on{^e at inltiel entry 
shoxild bo SDfiJiJw (l,e. 15 ° to ^5°) and the stca shoxjld be concave such 
tJiat the area in contact \d.th the ice after stoppinc have a relatively 
steeper slope (i.e. 30° - ^°). The spread cn^e coctplenent should be 
relatively hij^er (hivmter), perhaps in the order of 0.6 ladians (3*^®)• 
CcBjparsd to present bew shax>e3, this recocaaended shape vill lead to 
(preater downward sustained force, relati^'cly smaD.er peak load during 
crushing, and ellninatian of extraction difficulties. 



• »-*0«u^ . . . ** -rr* 

r. ' - '^- *--'•• ^ ■ 

(-It) UMJt^ • C !S> V — 



> i. JL* 

> > f . ^ ^ •» 

J L . * »V ML 

. Jf f] • '• »>'•* 

V £,:) I»n|l/1 xJ’tt 

e .-r— ^ 



urt^ 



,'^ l 'j -Iis'ai . .ai- ^ m^,^^mx.. <Si9MT^^ 



-172- 



Figure JDQQCV 

Recomniended Polar Icebreaker 
Bow Profile 
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VII 



APPENIXDC 



1 




A. SUPPLE>!EHTARY H3TR03XJCTI0IT 



Runeberp;*3 Equation 

In l838 on equation was piiblished (lO) for the determination of the 
vertical coo^Kinent of force produced at the bow of an icebreaker during 
vminterrupted progression. 

Runeberg used the following symbols for his developaent- 

V = "Vertical pressvire at bow", Vertical component of force at bow in lb. 

R = Thrtist of the propeller in lb. 

0 = Trim in deg. (change of trim) 

t = IXLsplacenent in t. ' 

p = An£^e of inclination of brttock lines to the vraterline, (stem 
ajxgle) in deg. See Pigvrre A~I. 

b =i "Inclination of cross sections taken perpendicular to the bvcttoclc 
lines irith reci>ect to the mtorline". 

(ms use of this term indicates that it is the complement of the 
angle from the 6 plane to the hull neaetured in a plane which is 
perpendicular to the stem. ) See Figure A-II. Expressed in deg. 

V = Velocity in ft/sec. 

& » Mean decrease in draft in ft. 

Q « 'iPresBure normal to buttocks". (His use of this tern indicates 
it is the force in the 6 plane noraal to the stem. ) Expressed 
in lb. 

N a Total force perpendicular to the bow plating. (Note that N/2 
acts on each side of b<x/. ) Expressed in lb. 

f a Coefficient of friction of bow plating relative to ice while 
moving. 
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RLgure A-I 

Illustration of Terms Used by Runeberg 
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P » Propeller pitch in ft. 

Ko = Shaft r p a . 

p a "Mean effective prosBure on total piston area". (His use of this 
term indicates that it is the aean effective presstire multiplied 
by the total area of the pistons. ) Expressed in lb. 



S = Length of stroke in ft. 

Runeberg developed his equation for the vertical component of force 
at the bow using the equilibrium equation based on Figure A-II. It is to be 
noted that his figure does not agree with presently accepted standards of 
notation bvtt still leads to an acceptable result. 

V was drawn perpendicular to the waterline. AB represents the line 
of the stem and the buttocks in the area of contact. Q was drawn perpendi- 
cxilar to AB. 

The ship slides vip (neglecting raoaentura) to a point where the force 
downward along the stem becomes equal to the force pushing the bow upward 
along the line indicated by the slope of the stem. At that point 



K a R cos 0 

where K = V sin 0 + f H 



(Al) 

(A2) 



It follows that 



R cos 0 « V sin 0 + f K 

This can be put into the following form: 

V - R cos 0 - f H 
sin 0 



(A3) 



(A4) 



He indicates that the thrust provided (by presstire on pistons) is 



divided into six parts according to Froude. 
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Pigure A-II 

Bow Equilibrim by Runeberg 
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1. Useful thrust (normally equal to the ship’s o\m net resistance). 

2. Aiignented resistance due to action of propeller. 

3. Friction of screw blades against water. 

4. Slow speed filction of engine. 

5. Working load friction of engine. 

6. Resistance due to air and feed ptmps, etc. 

If the ship is pushing against the ice the last five remain unchanged 
but the ship’s own resistance is equal to zero and in its place is the 
thrust R. (He has assumed no advance through the ice and that all useful 
thrust can be used against the ice. ) 

Runeberg assumes that 37*5 0/0 of Indicated thrust is that portion 
which goes to "the ship’s own net resistance". Therefore he singly trans- 
fers this amount to use for ice -breaking. 



R 



100 



xdiere IHP » 



IHP X 33.000 
P X Ifo 

2 p S Ro 

33,000 



Rewriting equation (A5), 



P X Ho 



R = 



P,r7S..B.,S 

P 



As can be seen from Figure A-III, 



(A5) 



(A6) 



Q “ (2) (|-) cos 3 = N cos P (A7) 

where Q is in the plane and perpendicular to the stem. 

Again referring to Figure A-III, it can be seen that 

(A8) 



Q s R sin 0 V cos 0 
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Figure A-III 

Resolution of Forces Noimal to Bow Plating 
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Substltuting for Q this beccwies 
K cos p = R sin P + V cos P 
or 

n . B S1 . B , 1 :L X . £2B . A (A9) 

cos p 

substituting equations (A6) and (A9) Into equation (A4) the 

following equation results: 

V , Q:J1T....§cos1 . 9 - 1 ^ f P S sin p _ ,0...cqs..^_ 

P sin p P sin p cos P sin p cos p ' ’ 

Then this can be rewritten to 



V - 12 » 373 IBP {cos 0 cos P » 

Ho P (sin P cos p + f cos p) 



(All) 



Converting the syiabols used in eqxiation to those used generally in 



this research, the equation becomes 



^BZ 



Tjg (cos ig cos 3 - f j,. sin ig) 
(sin ig cos 9 '+ fj^ cos ig) 



(A12) 



or 

12,375 (llip) (cos ig cos p - fj^ sin ig) 
^BZ ~ P (rpa) (sin ig cos P + fj^ cos ig) 



(A13) 



where Runeberg suggests that fj^ « O.O 5 . 

Ihe following as 6 un 5 >tions were made dvirlng this development: 

1. There are no momentum effects. 

2. The forward motion throu^ the water is effectively non-existent 

* 

so that the thrust can therefore all be applied to Icebreaking . 



* Ihese assxonptlons were not stated. 
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♦ 

3. thrust vas directed horizontally at all times . 

4. The direction of fraction force (along the line of the stem) 

* 

remains the same during forward horizontal progress . 

His equation was developed on the hasis of a ship sliding up on the 
ice very slowly'^der the influence of its own thrust. It is deliberately 
apxnroximate and ’.ms developed to be used for unintemq)ted progress. 

Ihmeberg does go on to develop some ideas concerning the "icebreaking 
power of a steamer when charging" but of these there is no direct connection 
to the forces developed at the bow. 

If a ship is charging the ice he indicates that it will have "momentum" 
D v^ 

equal to -= — , where D = displacement in pounds. This "maaent\sa" (actually 

kinetic energy) will be employed in the following two \mys: 

1. Elevating the ship 

2. Overcoming frictional resistance as the bow glides \xp on the ice. 

Later he nentioiuj the work added by means of thmst while in ice con- 
tact. He indicates that there is an increase of frictional resistance due 
to an increase of normal pressure which is brou^t about "by the center of 
gravity of the ship changing direction of motion after the bow has struck 
the ice". Althou^ he does not use it to advantage, this is the only 
mention of this particular dynamic force to appear up to this date (1964). 

Itafortunately on the other hand, he presumes the loss by concussion 
is insignificant. 

His concern over ramming does not lead to ai^ prediction of force at 
the bow. 



* Ihese assumptions were not stated. 
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Karl's Equation 

In 1921 a book entitled "The Design of Icebreakers" by A. Karl vas 
published (ll). An equation is developed vhich does give the downward 
component under^he bow dvtrlng icebreaking. Kari developed this in older 
to determine certain characteristics the vessel should assume in order to 
break a given thiclmess of ice. As written the devdopaent leaves much to 
be desired. It is paraphrased and clarified here somewhat. 

The following symbols are used; 

W = Displacement, tons 

R a t^pward ice resistance, tons 

9 = Inclination of stem to horizontal (original), deg. 

0 » i-laxiirrum permissible angular displacement of LViL, deg. 
na = Distance of the center of flotation forward (+) or aft (-) 
of amidships, ft. 

L = Length of LWL, ft. 

D = Idoulded mean draft, ft. 
cai’ = Longitudinal metacentrlc height, ft. 

t s» 14axin£um thickness of ice to be expected, ft. 

Figure A-IV illustrates many of these symbols. 

Consider the locus of the point of initial contact) it moves along a 
somewhat circular path. Karl states, "Biis is the resdt of angular oscil- 
lation about the center of gravity and the gradually reducing forward 
motion. A force is produced by the angular displacement of the ship's 
waterline. The center of buoyancy is shifted aft and a trim moment is 
provided which, being divided by the separation of the point of contact 
with the ice from the center of gravity, provides the breaking power". 
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Figure A-IV 

Illustration of Symbols Used by Karl 
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Thls statement becomes reasonable if one substitutes "center of flo- 
tation" for "center of gravity". 

Bie trimming moment at a trim ^ can be expressed as 

^ W X G Z* » W X G M' sin 0 (Al4) 

Referring to Figure A-IV it can be seen that 

AK = AF sin 0 (AI5) 

Without stating the equality or the reason for it, Kari then sets 
AK * t. It is important to note that, in order to continue with any 
logic, it is necessary to redefine t. 

t a Rise of point A in ft. 

Then 



t = AF sin 0 (AI6) 

Kari states that AF is approximately equal to x. therefore 

t = X sin 0 (AI7) 

Summing moments about the center of gravity and setting them equal 
to zero he gets 

W x G M' X sin 0 = Rx (AI8) 

Using equation (AI7) x mey be eliminated. 

^ W X G M* X sin 0 (AI9) 

or 

R . .. MX GM’ X 3ln^ it 



CL^ 

Assuming that G M' is approximately B M* and that B M* = one gets 

R = teCxL^ X j) 

Bf^t 



vdiere C « O.O7. 
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Frosa this point he goes on to end with a rather astonishing res\ilt 
which will not be developed here. *nie equation gives the necessary length 
of a ship as a function of bow angle, trim, location of the center of flo- 
tation, and the^ice thiclcness. 

L = a t (cot © + cot 0) + 2 a (A22) 

where t in this case reverts to the original definition of 'baximun 
thickness of ice to be expected, ft. " 

Returning now to the downward force, R, ns seen in equations (A20) 
and (A2l), it is necessary for one to use an approximation for the vertical 
rise of point A 'vAiich is indicated by "t” in the equations. It will be no 
less logical than many of the assuaqptions he has used to substitute L/2 sin ^ 
for t in order to obtain a more tiseful form. Equation (A20) becomes 



„ W X G M* X sin 0 

^ tft 

and equation (A2l) becomes 



(A23) 



W X C X L X sin 0 

^72 



(A24) 



where C « O.O7. 

Converting the symbols used in equations (A23) and (A24) to those \ised 
generally in this research, the equations becaae 




2 A sin © 
L 



(A25) 



and 



V 2 A C L sin Q 
'bZ “ H 



(A26) 



where C = O.O7. 
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Hie equations for the dowmmrd component do not indicate the Esajdmum 

and are approximtely valid only for a motionless case. 

In arrivijtig at equations (A20) and (A2l) Karl used the foUoving 
% 

assua5>tions or expedients: 

1. There are no momentua effects. 

2. The vertical rise of the how is equ6il to the thickness of the 
ice, (The effect of this assumption was nullified by redefining 
the symbol t . ) 

3. The distance from the final point of contact with the ice to the 
center of flotation is assvEoed to be the same as the horizontal 
distance from the final point of contact to the center of gravity. 

4. The effective displacement is not effected by the force at the 

♦ 

bow, nor is the draft . 

5. Following 4, the center of flotation and the longitudinal meta- 

* 

center remain fixed . 

6. The normal assvtmption is made that = B 

7. The v^ue of C in equation (A2l) is O.O7. 

o * 

o. Friction is ne^ected . 

9. It is insignificant brt G Z* should be shown perpendicular in 
Figure A-rV. 




* These assumptions were made but not stated. 
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In 

force, 3 



The Bumation of moments vas set eqxial to sero. 
been svcaraed there vould have been a discrepancy, 
summary, Kari's equation states that the vertical 
’ , in tons is a function of the following; 

A, displacement, tons 
Gi'^, longitudinal uietacentric height, ft. 

9, change of trim, deg. 

L, length between perpendiculars, ft. 
or 

H, draft, ft. (instead of C2^) 



If forces had 
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Simoi^on’s Equations 

In a paper published in 1936 (12) an equation vas presented giving the 
force available for breaJting ice. IMs is the steady state vertical re- 
action vhich results vhen the vessel is forced out of her normal water - 
plane by the thrust of the propeller. 

The following symbols were x;sed in this developsaent : 

W a Vertical reaction at the bow at the point of contact with 
the ice in lb. 

M a Trinsning moment of the vessel to change trimming 1 in. 
expressed ft-t/ln. 

T = Torust of the propeller in lb. 

Y = AHo^rable trim in in. 

D = Distance from the center of flotation to portion of the stem 
in contact with the ice in ft. 

L = Length between perpendiculars in ft. 

A = Displncement in t. 

CM a Longitudinal metacentric height in ft. 

0 a Change in trim in deg. 

K = Velocity expected throu^ the ice in kt. 

HP a Total horsepower available less the amount necessary to 
drive the ship at si>eed K (in oi>en water), hp. 

f = Overall efficiency of power plant and propeller at speed K 
when developing maximuia horsepower; varies between 10 and 7^ 
percent. 
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2 ^ 

a Thrust coefficient, (These units must be lb-sec /ft . ) 
N = Revolutions per second obtainable at speed K at rated 



horsepower, rps. 



P a Propeller pitch in ft. 
d a Propeller diameter in ft. 

Q a Angle bet\7een the stm and the surface of the ice field in deg. 
'J'” = Angle between stem and waterplane (original) in deg. (This 
is the designed stem angle. ) 

The vertical reaction, W, is due to the triiaaing moment, M, when the 
vessel is forced out of normal waterplane by the thrust, T. Tills is ex- 
pressed in the fol3.oidng approximate equation; 

w . (A^,) 

The moment to change trim one inch can be expressed as 




(A38) 



Simonson assvcmes that G M caa be approximated by L. %en 




(A29) 



He furthermore assumes that when the bow is not cut away too much and 



when the trim is small (less than 35 can be approximated by L/2. 
Sy siibstitutlon in equation (A^) he gets 



22li0 A 12L tan 



(A30) 



12 L/2 



W = W80 A tan ^ 



(A31) 
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Converting the symbols used in this equation to those used generally, 
the equation becomes 

= Ui^80 h tan 0 (A32) 

% 

Kote, this equation sinqxLy states that if the displacment and the trim 
(caused by pxishing the bow up on ice) are known, the vertical component of 
the force at the bow can be solved. 

Remember is defined as the force against the bow, ^Iherefore it is 
positive, naturally the magnitude downyaa-d against the ice is the same. 

In arriving at this equation it shotild be noted that Simonson made 
the following assumptions: 

1. G M (longitudinal) « L 

2. D « L/2 

* 

3. M remains constant 

, * 

4. Displacement remains constant . 

♦ 

5. Longitudinal metacentric hei^t remains constant. 

It is to be emphasized that equation (A32) is intended for steady 
state icebreaking. However, by itself it does not give the maxiEium force. 

In order to find a maximum it is necessaiy to deteimine thrust. Ihe 
Ejethod he uses en^doys the following equation: 



HP X f X 33.000 ft. lb. /min, x 60 min/hr 
K X 6o8o ft/hr. 



(A33) 



* These asBim 5 >tions were not stated. 
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T « It. (A34) 

Other appTOxlmtions for thsrust are as follows: 

f - 2Z.U0 X IHP (A35) 



(one ton thrust per 100 IHP) 
or 

T = (A 36 ) 

The angle (stem angle) is represented "by K.gureo A-V and A-VI. 

In the case of the curved bow shown In Figure A-V, the an^es are expressed 
by tangents to the stea profile. 

He assuned that friction in the steady state ^ras negligible altho\i^ 
this is not stated. His solution of the equilibria was based on forces and 
he assvEaed that thrxist remained horizontal. Since the sunmsation of noiaents 
was not Intioduced, it is irrelevant that he did not mention the line of 
action of thrust relative to the point of contact. 

Prom Figure A-VI it can be seen that 



and that 



y = (e - 0) 

T 

tan ® = y 



(A37) 

(A38) 



From this point he goes on to substitute equations (A3l), (A3^) and 
(A 38 ) into equation (A37) to get 

y « tan“^ ( . y .. / -. p ) - p (A39) 



fv 



n 



• I ^ 4 . Utj 



Cbf r» • ^ 0 ^ ( 



I J J . 



I 



^ >• 



/ 



j*-» ,Va.. ■ r 
-%►- * ■-* '>!.'■ - • ” 



t ; ' •» .r i 



r\ r'„ 



.< *1 * • • 



».•' *'j i, :m t-I' - / H ' •■ • .. ' 

' >■* ••. !•:. w« •»?r • ‘ ‘ .j;'-* r o • + • / c i . 

«att9Q> !ti >-_.i '•5£'.vi^ .iJ '.jrJ?* /j- V- «•;!. . 



. j. uJ 

— g'p 1 11 ^ ^ 

•■« r >• 1 ; ^ 



■x> «ciF» ac'c •,oJ:„*tra*; ■“ - r I ill «*' -^.m v <-/ UfK* 









> 'r '.' •sr.'fVufc 






if\K 



ft- xV r ^ 



:OiV f» 



f/t» (4t2A/ • T£A) .n-A.r*i«^. iriMrii^ivwv •, ’».a* 

tar fic'’’^ t»5i.^i«*r* ciiti 



(?'J > 



i '» -• 

o - ( 



• jc Vi ». rul 






a . 1 - 

~ I * ^9 



- 192 - 



Figure A-V (l2) 

Illustration of Symbols Used by Simonson 




Figure A-VI (l2) 

Bow Equilibrium by Simonson 
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Y then sintply Indicates the stem angle vhich should exist if T, R, 
and W are to be in equilibrium. (R is the force perpendicular to the stem. ) 
He usee this to^obtain a bow profile which would represent an eqtdlibrlum 
condition regardless of the trim if other factors (i.e. thrust) were held 
constant. 

Incidentally, this equation, although it is of no direct significance 
concerxrf.ng this research, is given as follows in order to demonstrate 
Simonson's goal: 



X . (6 L . 



log ( HP y f .j2) 



\Aere cot p ^ and cot 0 = ^ 



(A40) 



Y « trim in in. 

X a distance in inches from center of flotation to stem on 
waterplane of trim. 

Utilizing his equations it is possible to deduce an equation for maxi 
mum (limiting) downward force available from a given ship. 

Starting with equation (A38) 



T 

tan 9 » ?7 





tan 9 
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w 



EXXC 



335-7 X HP X f 

KtSTTF^ 



(A42) 



Converting the syahols used in equations (iV^l) and (a 42) to those 
used generally, these equations become 



T. 



IB 



•BZ 



ton (ig +0) 



(A43) 



or 



325-7 (IHP X f - EHP) 

Equations (a 43) and (A44) Indicate the ntaximum dovnward force possible 
under steady state icebreaking conditions. She term in parentheses in the 
numerator of equation (a 44) indicates the horsepower available for breaking 
ice. It is to be recalled that in this equation represents an overall 
efficiency of plant and pix)peller and varies betx/een 10 and 25 percent. 

In arriving at equations (A43) and (A44) it shoxild be noted that 
Slmcaison made the following assunqttions : 

1. Ihere arc no momentum effects. 

2. Friction with these was ne^igible . 

3. Thmst was directed horizontally at a3.1 times . 

4. The center of flotation remained a "pivot point”. 

* 

5 . Biere is no change in displncfflnent . 

Since friction was disregarded, the spread angle of the bow was not 
relevant and for that reason does not appear. 



* Ihese essim^tions were not stated. 
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Fusrbhermore it is interesting to note that Simonson felt ’’laonentm 
shoxild he neglected as it is desirable to breaJt ice without charging or 
ramming''. (l2) Kis analysis was a basic approximation for the steady state 
condition. 
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Vlnomradov*s Ecruatlon 

In a book published In 19^6 a nathetcatical analysis of the downward 

force under the bo\7 created during raamlng was presented (13)* Cie develop- 
% 

nsent paraphrased and presented as an appendix to a x>®per presented by 
Perris in 1959* (l^O 

Bic paraphrased version is presented here. 

"The analysis is based on the foIloxdLng concept. An icebreaker moving 
with knoim velocity strikes a tmifom :lce shelf and the bow of tlic sMp 
glides up until the dowmrea:d pressure reaches a magnitude which causes the 
ice shelf to collapse. TIhlle the ship is climbing the ice shelf, the pro- 
pellers continue to push. In general, the ronmrd motion of the ship is not 
reduced to zero at the instant when the ice collapses. 

Tbe quantity which is to be determined is the moicimun value of the 
vertical force P developed on the stem of the icebreaker. The maximum is 
reached at the instant ndien collapse of the Ico shelf impends; therefore, the 
dynamic study will cover e\'ents occurring to this time. 

The principle of conservation of energy is applied. Qiergy expended 
is a portion of the ship's kinetic ener©?" pi vis the propeller thrust acting 
through the distance travelled. !Qie energy ej^ended is diverted into three 
channels; (a) Energy dissipated by in^iact of the bow of the ship on the 
ice shelf; (b) potential energy of the ship due to its being raised and 
changed in trim; (c) frictional loss caused by running of ship agtiinst the 



ice shelf 



». f 



9 



r ^ • 



. #*• 



. i»- 

. •cw . 

• •• *i ' •/ fP* 



,:U 



^ .r 



: /ii 












f 



: iiL’O 



»^ •• 7 •• .' •* X^*: f 

r- .#v ' #»*/ 

• *• ' ^ f *“ / •. !' 

J - - < .t w^;. I -J 



^ n «v r • ^ >, ^ ' 1 »o^i 4 .‘’^**^ 9 ' Hifl 

li* . j r.‘ '- -.• n '"• *:( 1 i^>,t:dT:#rF 

rj ♦ »*p ** v. - *^1 • •• r ♦sti ’• .T f- -< • 

‘ r ’ :. .*^' ’ ‘'/.h, 

^ ^ ^.iw: \ifv.. w»T‘* :: I • It 

#.-^ilf *f i» *r • • '4 . -5 . • 4 

mtf 'n %i' v«t' «* C^ !-•#- *a*t-n-^ (nj 

^Ijrf -vii ^ #&'»4 •i^. "u *^ym^ ^ (yf) *xiVrfc ^ol 

fi^l* 'rf^j:. ‘ 0i^"> ^ > r-;,;'' (-1 yi-^t . ^l 



? Oilfe f 



-197- 



Figure A-VII (lU) 

Illustration of Terms Used in Analysis by Vinogradov 




L = Length between perpendiculars 
B = Beetm 
W = Displacement 

q = Distance from stem to center of flotation 
D = Draft 

= Maximum change in draft 

= Maximum change in trim 

0 = Angle of Stem to horizontal 
a = Wateiplane area coefficient 
6 = Block coefficient 

= Maximum value of the vertices, reaction 

S = Area of waterplane 

V = Density of sea water 

m = Longitudinal metacentric height 
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(Eq - Ej^) + Eg » E 3 + (a45) 

vhere 

E^ = kinetic energy of ship when the ice is first touched 

E^ = kinetic energy of ship when ice collapses 

Eg » energy derived from propeller thrust 

E^ = energy dissipated by intpact 

Ej^ = potential energy acquired by ship 

E^ = energy lost by friction 

"Let W represent the wei^t or displeceaent of the ship, the velocity 

when the ice is first touched, and v^ the velocity at the instant when the 

ice collapses. 5he initial kinetic energy is then E^ » (W/2g)vQ. !Hie 

2 

reaaining kinetic energy at the instant of collapse is E^ «= (W/2g)v^ , 

Kinetic energy absorbed dvuring tdie operation is 

^ ^ ^ 

"The next item considered is the energy delivered by the propellers 
to the ship lAiile the latter is sliding on the ice shelf. During this 
interval there is a reduction in mean draft designated by AD^^, and the ship 
assumes on angle of trim of A©^. Distance from the point of contact on the 
stem to the center of flotation is designated by q. The stem of the ship is 
sloped at euigle 0 from horizontal. Then from the instant of first contact 
until the time when the ice collapses, the linear advance of the ship is 
ADj^ cot ^ + qA9^ cot 
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Let T represent the average value of propeller thrust dviring this advance, 
then 



"it is desired that this formula be expressed in different terms so as 
to include the maxiinm value of the vertical force developed at the stem. 
Assuming that is small in cosgiarison with the displacement W, and that the 
change in d3!’aft emd trim do not seriously change the properties of the 
■watexplane, = P^/ S, S being the waterplane area and the density of 

sea water. The angle of trim depends on the applied moment P^^q, and 
the longltudimil metacentric height, m> th\is AQ^^ « P^g/lfa. ®ie energy under 
consideration can then be expressed as 



’Vaterplane area equals the product of length, beam and \mterplane area 
coefficient, or 3 = LB^t. Weight of ship equals the product of length, beam, 
draft, block coefficient and density of sea water, or W = LBD5 . New non- 
dimensional coefficients k^ and kg are arbitrarily set yxp by relationships 



metacentilc height is essentially equal to the height between center of 
buoyancy and longitudinal metacenter. Siibstitutlng these new quantities 
in the last eqv«tion, there results 




T(AI^ + qAO^) cot ^ 



(Ak7) 




(m) 





or, for abbreviation 
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Eg = A T cot Cf 



(Ak9) 



"According to the theory of impact, vhen two bodies collide noxraally 
there is always*^ dissipation of energy, whose magnitude depends on rela- 
tive velocity and a physical constant e known as the coefficient of resti- 
tution. Now the stem of the ship does not collide normally with the edge 
of the ice owing to the fact that the stem is sloped at an angle from the 
horizontal. The component of initial velocity Vq which is directed normal 
to the edge of the ice is v^ sin ^ and -tdie energy dissipated by impact is 



"The vertical force P is a variable which keeps increasing as the ship 
slides up on the ice. The total rise of the point on the stem at which P is 
first applied equals to reduction in draft xdus the angle of trim, in 
radians, times the horizontal am bet^reen center of flotation and stem AO^^q. 
The potential energy set vro by the force P is therefore 



"Energy is dissipated by sliding friction between the shell plating and 
the ice. The coefficient of sliding friction is f and it must be applied 
to that con5>onerrt of the pressure which is normal to the plating. The re- 
sultant frictional force, designated by P, acts in a direction parallel to 
the stem of the ship and is a variable; half of it acts on one side of the 
stem and half on the other". 
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energy dissipated by frictional force F acting throvigh a distance 



which is determined by the changes in draft and trim is given by 




1 



(A52) 



0 



0 



“Consider an inclined plane iirtersectiiig the bow of the ship in a 
direction normal to the steaii this section of the bow will appear as a wedge 
with essentially flat sides and the normal pressrire on these sides naJ:eo an 
an^e P with the centerline plane, ” 

“As the bow rides on the ice shelf it forms a wedgelilce groove, with 

pressure developed normal to the faces of the groove and friction dong the 
faces of the groove directed parallel to the sloping stem". 

Tuct R be the resultant force acting normal to the stem. On each side, 
then, the force acting normal to Idle plating is 



"The magnitude of force R is related to other forces acting on the 
chip as follows; 



(R/2)(l/cos p) 



so the resultant frictional force is given by 




(A53) 



R = P cos (f’+T sin 



(A5lt) 



Equation 0^) is thus rewritten as 




(A55) 
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"Substituting in equation (A 52 ), there results 



*5 



cot 0 
cos 3 
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PdAD 



+ f 



cos P 



dAD + f 



cot 



COE P 



■y f ^ 

■■ f 



0 
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fT 



cos 



^ J 



PqdAO 



A©- 

f 



qdLQ 



(A56) 



Equations (A51) and (A56) are combined, as foUovs 

All 

/)- r-*- 

J ) / PdAD 

cos p 



Ej^ + = (1 + f 



+ f 



cos p 



J 

0 






dAD + (1 + f 

COS p 



A 0 , 



AO, 



PddA© + -^~r 
cos p 



qdAO 



(A 57 ) 



For P the quantity SAD can he suhstitiited and for Pq the quantity 
WnAO. " 

"Rewriting (A57) gives 
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+ f 



fl 



cos P 



I dAD + (1 + f Wra 



cos p' 



0 
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p n) 

(A59) 



(A60) 

k^(L/2), 
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/C 



AD f/T j. 4, cot <-f 



TP, 



) -i— + f — sL^ 

C03 ^ 2 cos p. 



(aGl) 



*^ubstl tilting all the values of component energies in equation (A45) 
there fLr.ally results 
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= Y 



Vq [1 - (1 - e^) sin^^l - 
i5 



(A62) 



in -which 



X 
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— tan ^ 

-^2S-6 : <f> 



COS ^ 



cot ^ 



(A 63 ) 



Y = 



1 + 



cos p 



cot 



(A6k) 



The quantity to he calculated is the downward icehreaMng force P^. Sol-ving 
the quadratic equation (a 62) gives 



P^ = XT ^ -S X^T^ + J W^' 



Vq [1 - (1 - e^) sin^^J - v^ 
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(A65) 



gD 



The positive sign in front of the radical must be used in order for the value 
of P^ to come out positi-ve. " 
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It io inportant to note the assun^jtions and expedients used by Vino- 
gradov in his developcient. 

1. Trim was taken into account for the solution of movement but it 

%■ 

was disregarded in his solution for the resultant perpendicular 
to the stem R based on thrust T and the downward ccsaponent 
See equation (A5^). 

2. ®mist T was directed horizontally at all times. 

3. ISirust T was kept as a constant instead of attempting to elaborate 
and make it a function of other parameters such as i h p, pro- 
peller area, velocity, and so forth. 

4. The friction loss is not correct in that the normal force on the 
bow plating would be valid only for static eqxailibrium. 

5- There is no mention of the possibility that some of the kinetic 
energy while sliding up may be in the form of rotation. 

6. It was assumed that the change in trim and draft did not seriously 
affect properties of the waterplane or the longitudinal meta- 
centric hei^t. 

7- The change of trim is based on the original displacement using 
the equation for a couple when actually the disidacement is 
effectively changed. 

8. q is used exclusively as a constant representing the distance 
from the center of flotation to the forward perpendicular which 
is the original i>olnt of contact. For the determination of certain 
distances this is proper but it is an assumption xdien dealing with 
moment arms since the point of contact nwves. 
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9* Ti'-e expression for loss of energy on intact Is 'based ran direct 
central inpact. In other wrds it is assmed that the loss is 
the sane as if a perpendicular to the stm passed throu^n the 
center? of gravity - 

10. Ihe norraal assui: 5 )tion vas utilized that (24 (longitudinal) a 
H4 (longitudinal). 

11. Tiie final eqi^tion is written including as the velocity during 
the sliding. However, in effect the equation is valid only when 
Vj^ * 0 since there is not a continuous spectrum of velocity from 
Vq to v^. 

12. A necessary step in his development was the use of static 

equilibrium, » 0. See equation (A5^). Acceleration at 

that point in contact with the ice in the direction of the force 
may "be zero but not the acceleration of the body. 

In summary, Vinogradov's equation states that the downward component 
of force, P^, is a fv'nction of the following; 

f, coefficient of sliding friction 

, an^e of stem, deg. 

P, angle of noimal to shell plating with respect to £ plane, deg. 

& block coefficient 

Ct, waterplane coefficient 

q, L/2 plus the distance alt from ^ to the center of flotation, ft. 

L, length between perpendiculars, ft. 

D, draft, ft. 
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ra, longitudinal netacentric height, ft. 

T, thrust , tons 
W, displacement, tons 
e, coefficient of restitution 
v^, speed just prior to ingjact, ft/sec 
v^, speed while sliding iq», ft/sec (normally taken as zero to get 
maxiEium P^). 
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Jansson’s Eq\iatlon 

In 1956 JansGon preoented an equation for the determination of uork 
utilized in the racsning of ice (15)* It does not indicate the downvard 
force on the icq hut is included here because of it's comprehencive ai^roach. 
Jansson used the following symbols for his developEaent. 

P = Vertical force between vessel and edge of ice. 

T = Thrust of propeller, a fimctlon of si>eed. 

X = Trim in deg. (change of trim). 

W = Wei^t of vessel. 

V a Speed of vessel. 

M a Mass of vessel plxis virtual mass of water. 

J = Moment of Inertia of mass of vessel plus virtual added mass 
of water, referred to a horizontal axis throu^ the center, 
of gravity and at ri^t an^es to the lateral plane. 

S a Length coordinate in meters, 
y = Vertical coordinate in meters. 

u = Angular velocity abort a horizontal axis at ri^t angles 
to the lateral plane. 

p e Number of tons load for 1 meter immersion, 
q Trim moment in ton*<aeters for 1 radian trim. 
t = Distance from center of gravity of waterline areas to 
foremost point in the water line in meters. 

As can be seen from Figure A-VIII , the following equation can be 



determined statically: 
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Plgure A-VIII (15 ) 

An Icebreaker with Stem in Contact with Edge of Ice 
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P =» p y . (a66) 

•vrtiere y Is the change in mean draft In meters. 

P • i = q • X (A 67 ) 



where x is ^n radians. 

It is assvaaed. that trim is small eno^lgh to assume p> t, and q may be 
taken as constant. 

Equations (A66) and (A 67 ) may be canbined to get 



S2L 

pi 



(A68) 



Writing down the energy equation for condition 1 (immediately before 
raummlng) and condition 2 (as the bow slides up the ice) the following 
equation is obtained. 



|-M (vf -yp * J T 



ds 



p y dy + 



q X dx + |- J (<*>2 






(A69) 



In his development he deliberately neglected the friction between the 
ice and the forward end of the vessel. Furthermore, without mentioning it, 
he has assumed that no energy is lost on Ir^ct. 

When the maximum vertical force is reached the angle of trim, X, has 
reaudied its maximum value and the speed, v, is zero. Thvis the angular 
velocity, u, is zero. For initial conditions he uses y, = 0, =« 0, and 
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and = 0. Equation (A69) reduces to 












(A70) 



Equation (A68) can be substituted into equation (AJO) to obtain the 
following expression for maxintum icebreaking work: 




(A71) 



It is noted that the tern in parentheses is constant for a given ship. 
Althou^ Jans son does not go further it wo\ild be possible to solve 
this equation for trim^ if T(s) were known as well as Sj^ and Sg. 
Substitution of Xg back into equation (A67) would then yield the maxinmia 
downward force. 

It is iniportant to reiterate that the result would have neglected 



friction and ic^ct losses. 
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Rlchardoon*s Eqmtlon 

In 1959 Richardson presented an equation for the downward force under 
the how created during ramming. (75 ) The developeiient is the most complete 
to this date part of a model study of the force system. 

The complete developaent will not he reproduced here. ®ie steps are 
hasicalD.y the same as those of Vinogradov. It is based on the conseiva- 
tion of energy and is shown as follows: 

Ty - ’’f * ’'t - ’^S * lil (*72) 

where 

Ty the kinetic energy at the instant of initial contact with the 
ice shelf. 

a the kinetic energy remaining after the ice splits. 

a the energy furnished hy the propellers from the instant of contact 
up to the moment the ice splits or breaks, or as the case may 
he, the forward motion closes. 

Tg = the energy lost at the impact of stem with the ice shelf. 




R 



the energy spent to reise and trim the icebreaker. 

the energy spent in friction between the hull and the ice. 



^ = the energy spent in overcoming the friction and wave resistance 
from the instant of contact \xp to the moment the ice splits or 
breaks M motion ceases. 

Tj, = the energy lost in elastic vibrations. (This loss is neglected.) 
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The •use of this approach is qvdte appropria-be. It agrees "with 
Vinogradov except tliat Richardson has vlsely included a term for non-ice 
friction and ■wa've noking resis-tance. He also takes virtual mass into 
account. 

The equation for downward force is as follows; 

+ L2 



P = P 
^h 
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^ . c tan^ 
P ” cos p 
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c cot 



cos ^ 



« 1 + 



cot^^ 



cos P 



(A73) 

{A7h) 

(A75) 



arithmetic mean for ship resis-tance computed for and v^. 



= propeller thrust 

» (i- + ^) 

'p q2^ 

= added -virtual laass (percent) 



(A76) 



a horizon-bal con^onent of force produced hy -the icebreaker. 

=» coefficient of friction between the hull and the ice. 

« displacement 
= length at load waterline 

a distance from center of ro-batlon of the waterplane from the 
point of con-tact on the ice. 

= angle of -the stoa measured from the load waterline. 
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^ = angle of trim 

s (P -ir {jj . (Since is of the order of 1 to 2 degrees, ' 2 C= 
will be \ised in most trigonometric quantities, i.e. sin;< sin ^ 
= velocity of the icebreaker at IrtStant of impact with the ice. 

Vg = velocity at the close of the cycle, i.e. at the instant the ice 
breaks or zero if the icebreaker ccsaes to a dead stop before the 
ice breaks. 

p =» tons per inch immersion at the load waterline. 

q ss saoment in foot tons per inch trim. 

!Hie following assumptions or expedients were used by Richardson; 

1. In dffect, all steps lead to the final condition of Vg => 0. 
iSie equation is not valid where acceleration msy exist. 

2. It was assumed that the change in trim and draft did not 
seriously effect properties of the waterplane or moment to change 
trim one inch. 

3. Bie distance from the center of rotation to the point of ice 
contact is assumed constant. 

4. !Ilhe "center of rotation" as he \ises it is the center of flo- 
tation. In absolute terns this is not actually the case since 
there Is also a change in draft (and effective displacement). 

5 . Althou^ equations Incltide trim angle in the first part of the 
development it is effectively dropped when he equates angle of 
trim plus an^e of stem to angle of stem. It is granted that 
when the cosine is used there would be little difference but this 
is not necessarily the case for sine and tangent. 
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6. In the end conditions he uses rotations! velocity (u) equal to 
zero but this would only be true when all kinetic energy is 
lost or converted. 

7 . Althou^ he recognizes that thrust may not always be horizontal 
only the work developed horizontally by this force is incorporated. 

8. 'n^e change in the vertical position of the center of gravity is 
assumed to be the saiae as the average change in draft. 

9 . ®ie angle of trim throughout the transition is based on .static 
equilibrlm. 

10. The ej^ression for loss of energy on impact is based on direct 
central impact. In other words it is assumed that the loss is 
the same as if a perpendicular to the stem passed through the 
center of gravity. 

11. The determination of the downward force througjiout the transition 
is based on static equilibrium. 

12. The horizontal ccroponcnt of force agair^st the ice must be known 
to use the equation. As used this is not the same as thrust and 



it is not clear where this value comes from. 
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General Itynaolcs Eq\Aa.tlc«x 



As part of a report released in 1959 concerning the feasibility of a 
nuclear icebreaJter, an equation -was developed representing the relative 
laagnittide of the force "transmitted to the ice" at the bow. ( 17 ) However, 
this equation does not give the direction of this force and only a cotoi>onent 
of it is downward. 

The following symbols were used in the development: 

T = Thrust at zero speed in lb. 

P » Mass density, lb sec^/ft^ 

^ = An^e at the bow in the vertical plane, deg. 

2B = An^^e at the bow in the horizontal plane in deg. (Hote that 

this is not the seme as 23). 

A = Vessel displacement in tons. 

P a Shaft horsepower. 

2 

A -■= Propeller disc area, ft . 

« Change of trim in deg. 

W => Weight sttpported by ice. 

R = Force perpendicular to the stem. 

The forces acting include thrust at zero speed 

T* [(^) 2 P^ a]^^^ (A 77 ) 

(in this form the units are not cotapatible and this is not exidained. ) 
and that portion of the wei^t supjxsrted by the ice 

W = 2 A tan^ (A 78 ) 

(This equation is fraa Simonson (12). 
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Figure A-IX (17 ) 
Geometry at an Icebreaker Bow 




Figure A-X 

Forces Acting on Ice from Bow 
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In substance Figures A-IX and A-X appear in the reference (17). 
However, they have been Illustrated here with a fair amount of clarifica- 
tion and singjlification. 

It is interesting to note that this la the only development to date 
(1964) which assmes that thrust remains parallel to the normal waterline 
(base line) at all times. 

Selecting friction the force, R, peipendictjlar to the stea can be 
deduced from Figure A-X. 



K = T sin oC + W cos (o< * ijr ) (A79) 

Using the analogy of a wedge being forced into the ice by force, R, 
(ne^ecting friction), an equation can be developed using the tern (20) 
as the 'Vedge angle". Figure 21B in the reference is a three dimensional 
rex>resentation which is quite conf\ising and for that reason is not shown 
here. However, the definition of the "wedge angle" is needed. Althou^ it 
is not explained, it is apparent from its use that it is the 'spread angle 
seen as one looks down the stem. See Figure A-XI. 

®ie force transnitted to the ice is perpendicular to each side of the 
bow and is called R^, where 






^ o 

(7g ZP^A) 



1/3 



sin ot + 2A tan Y cos 



(a+^ ) 




rt ->■ ten^B 

2 tan B 



(a80) 



The reference carries a graph of this force, R^, versus bow angle, Of. 
Figure A-XII is not a reproducticai of this graph but does illustrate its 



appearance. 
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Figure A-XI 

Illustration of "Wedge Angle" 
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Figure A -XII 

Illustration of a Plot entitled 
"Variation of Force Exerted on 
the Ice as a Function of Bow Design" 
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A reader must be extremely careful not to jmp to any conclxisions. 
The graph is sirgily a plot of the results of equation (A80) where trim 
angler/- , displacement A, power P, and disc are A ore held constant. It 
siE 5 )ly illustrates that if the bow is made sharper and all other para- 
meters are held constant the force normal to the hull plating will in- 
crease. As a matter of interest and fact, the downward force, W, is 
constant throu^out under the conditions used since A and Y held 
constant? 
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Milano's Equation 

In 1962 an equation vas published giving the vertical bow reaction 
force t^hlch an icebrealcer can develop cllnibing onto the ice (18). 

The foUowilig syribols appear in the equation; 

F = Downward vertical force. 

y© “ Coefficient of friction (dynamic) between steel and ice. 
a a Angular rise of the forefoot. 

P = An^e between the centerline plane and the normal to the shell 
at the bow. 

X and Z are each a direct function of cx, and 

o 

T© * Bollard pxdl, thjrust 
W =* Vessri dlsplacment 
V a Velocity prior to contact with ice. 

H *» Draft 

As presented the equation is as follows: 

i 00 2 „ 

P = 0.91 XT© + V 0.828 X^ T© + (A81) 

This equation originates frcsa Vinogradov (13) but it has been 
abbreviated by selection of constants and coefficients. For exacq>le 

^VIHOORADOV “ 

The equation is based on the some assunqjtions Vinogradov made and 
has the same limitations. 
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B. BETAILS OF PROCEDURE 



General 

When tin icehretiker encounters virtually unyielding ice (raas) it 
crushes the ice locally to accoanodate the how, the how then slides up on 
the ice with decreasing velocity, and then the icebreaker \mdergoes xainor 
settlingafter the velocity of the how relative to the ice has cotae to zero. 
At this last point the ship tends to slide hack hut is frequently held hy 
static friction and/or forward thrust. 

The following definitions will he of use for the pTuepose of con- 
structing a mathematical model: 

State 1. Insnediately prior to contact with the ice. 



t = 0 

x«0 z«0 G»0 

x’=t v^ z*= 0 0 

x=0 z=0 ©«0 





0 



Clashing Riase, Ice is being crushed locally to accomodate the how. (The 
ice is not collapsing. ) 

During the crushing phase five equations may he expressed. 

Vertical force at how. (function of penetration) 

Horizontal force at how. (function of penetration) 

Summation of Horizontal Forces 
Sunmation of Vertical Forces 



Sxmsnation of Moments 
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Biere are five tine -dependent imknovms, 

X, z, &, Vertical force at tow and Horizontal force 

at bow (PgjjQ)- 



State 2. 



Local crushing has ceased and sliding without crushing comences. 
Uiis is reached when the velocily of a point on the bow has a 
direction x&ich is the same as the slope of the bow pl\is the trim. 
In other words, there is no component of bow velocity per^iidlcular 
to the stem. 

t a tg (for crushing) t « 0 (for sliding) 

X » Xg ^ ® “ ®2 

X e Xg ^ “ ^2 ® “ ®2 



X = X, 



z = z. 



9 ° d. 



BZ 



BZ2 



F™. » 

BX HX2 



Sliding Phase. The bow slides \q> on the ice without further p«ietration. 

During the sliding phase four equations may be e:^ressed. 

Equation of geometry since point of contact is fixed relative 
to the ice. 

Summation of Horizontal Forces. 

Summation of Vertical Forces. 

Summation of ^Scments 

There ajre four time -dependent unlmowns, x, z, 9, and the force at the 
bow (which can be divided into two coc^nents). 



J4 









if} t 



4; 



i‘. i^> I. ' •5*i *. «.*-C •, 't. » -V 



/- 



j:-— 4»* 









t 7 












rn *‘*l*-^ LX*» ^ 



-x/^sr >'^ ’ 



fH» ':t/ r ^,'<lJ.« V 



t.i^ 

vf/. 



-!r,V 



7*4 



iJi -c»ti‘ l0^ 1; !• 

'r- il 



'• •:.f'V/!c •-»-• •;a #r ^ 



U ^i'cf 






I ^ i'f.Liyj •r*^ 



- 225 - 



State 3* velocity of the how relative to the ice has cone to zero. 

(Velocities (x, z, ®) nvay he negligihle hut they are not 
necessarily zero. ) 



tft= t. 



X = X.. 



Z =» Z- 



0 s 9, 



X a X- 



z => z. 



9 « 9 . 



X « X. 



z « z. 



9 « 9 „ 



^BZ ” ^BZ3 ^BX “ ^BX3 

State 4. The icebreaker is in static equilihriua. All velocities have 
heconffi zero. 



X a Xj^ 

X a 0 
X‘a 0 



(Xj^ a Xj) Z a Z^ 



Z a 0 
Z*a 0 



6 a 0 
0 « 0 



“ ^BZ4 



^BZl* is the relatively sustained downward force under the how we are seeking. 
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Bov Forces Durinp; Crushixip; 

Assme al 1 forceo from the ice act on the bov at i>oint A, the point 

of contact at the vaterline. 
w * 

If -g represents the force normal to the plating on each side, then 
the friction force can be represented by 



Kote that the friction forces during crushing are parallel to the 
stem and perpendicular to the stem (each in the plane of the plating )- 
Ihls is because there is a component of velocity relative to the ice in 
each direction (parallel and perpendicular). See Figures B-I and B-II. 
Prom Jlgure B~II it can be seen that 



F - K 
2 “ 2 



yhere f. = coeff. of kinetic (Bl) 
friction 



P = H cos p + F sin P 



(B2) 



■where p * angle between normal to plating and 



cen-terline plane. 



Substitution of (HL) into (B2) leads to 



P » H (cos 3 + f sin P) 



(B3) 



From (bl) and (B3) we get 




H = 
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Figure B-I 

Forces Acting on Bow During Crushing 







Figure B-II 

Resolution of Friction and Normal Forces 
During Crushlng(Looklng Down Stem) 
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Set k^ = cos p + fj^ sin p 


(15) 


Then F =< k^P. 


(B6) 



The upward forces at the bow, designated can be seen in 

Figures B-m and B-IV. 

Pg 2 c =■ P cos (ig + ©) - F sin (ig + d) (B?) 



^BZC “ ^ ~ 



The horizontal force to the left, designated Fjq^qj can also be seen. 

^BXC “ ^ ^^B ■*■ ®) ■'■ P COB (ig + ®) 

^BXC “ ^ ^ ^ ^k ■*■ (^B * 

While crushing is taking place, assume that the ice is failing in 
con 5 >ression over an area in contact idth the bow plating. If the area in 
contact on each side of the bovr is A/2 and the failing compressive stress 
of the ice is designated O" , then 

I - O' I (B9) 

As can be seen in Figures B-VI imd B-VII, 



A A* 

2 “ 2 sin P 




(corr. for z and 9)J tan (ig + 0) 



(mo) 



Assme that area -triangle remains at point A at bow (intersection of 
waterline and stem) and is small enough (or that ice is deep enou^) to keep 
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Figure B-III 

Bow Forces During Crushing 







Figirre B-IV 

Bow Forces During Crushing Resolved 
into X and Z Directions 
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Figure B-V 

Coordinate System Defined by Position 
vhen t = 0, Immediately Prior to Contact 







Figure B-VI 
Local Crushing of Ice 
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shape triansular. 

In order to correct for trim, 9, it is necessary to define distance 
from 0 to A. Assme, for this pviipose, that KG (hei^t of center of 
gravity above ke^tl) is about the same as H ^draft), 

(GA) Horizontal ~ LOG) 

^rtiere L = Length between perpendiculars. 

IiCXr = Distance from midships to center of gravity, 

+ if fortjard, - if aft. 

In Figure B-VIII it can be seen that 



(| - log) e - z 

(Oorr. for z ana 9) = tan <1, . 9) 

JD 



(KLl) 



Prom Figures B-VII and B-VIH, and from equations (HO and (Ell), it 
can be seen that 



i. 

2^2 



A' 1 
2*2 



X - 



(| - LCG) 9 - (z) 
tan (ig + ©) 



tan (ig + 9) 



X ten (ig + _ log) 0 + z 



CT' 



r 



tan (ig + 0) 
(HL2) 



H = o- A . Hn P tail' (1-+9) I X (ts * 9) - <2 - I'“)9 ♦ 

° L 

Siibstitution of equation (EL2) into eqxmtion (B3) leads to the force 
in the upward direction at the bow during cnishing. 
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Jlgure B-VII 

Area in Contact During Crushing 
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n plane of plating) 



-(corr. for z and qR ^ 
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2 (in ^ plane) 




Looking Down Stem 
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Figure B-VIII 
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Movement of for Purpose of Area Correction 
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y (cosp + fj^sinp) cos (i^g + ©) p 



'BZC “ sin 3 tan (i^ + ©) 



X tan (ig + e) - - 



- cnfj^ sin (ig + 0) 
sin 3 tan (i_ + ©) 



X tan (ig + ©) " " LCG)9 + z 



(a - b + c) (a - b + c) » a^ -ab + ac 

^ 2 
+ac - be + c 

= -2ab + b^ 



- ab + b - be 
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+20"' (cos 3 + fj^ sin 3) cos (l^ + 0)z x tan (ig * 9) 
sin 3 tan (ig + ©) 

o 

+ (^(003 P + f sin 3) cos (ig + O) 2 

P ^ Q j 

- (Tf^ sin (ig + e) tan^ + ©) 

sin 3 ton (i^ + ©) 

+2CT‘'fj^ sin (ijj +0) (|- - LOJ)0 x tan (i^ + 0) 
sin 3 tan (i^g + 0) 

- O^fj, sin (ig + 0) (| -LCG)^ 

sin 3 tan (i^ + 0) 

+2 CT'fj^ sin (ijj + 0) z (|- - LCG)0 
sin 3 tan (i^ + 0} 

-2 sin (ig + O) z X tan (i^ + O) 
sin 3 tan (ig V 0) 

-cr-f sin (1 + 0) 

sin 3 tan (l^ + o) 

It is necessaiy to linearize equation (EL3) as niuch as possible in 
order to jnake it useful for inclusion in simultaneous differential equations. 
Throxaghout this developnent, since 0 is small (around 5° or less), 
cos 0 t= 1.00 



tan 0=0 rad. 



sin 0*0 rad. 
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Function 


Substitution 


Limit of 0® if Error \ 


cos 0 


1.00 


5.7° 


tan 0 


0 rad. 


9.9° 


sin 0 


0 rad. 


lk.o° 



1 o/o 



Uaing fundojaental trisonometric Identities, the follovlng conversions 
may be used. 

sin (it, + 6) = sin i_, cos 9 + cos i„ sin 0 
a D o 

sin Ub + «) => sin ig + 0 cos ig 

cos Ub * «) = cos ig cos 0 - sin ig sin 0 

cos (ig + ©) a cos - 0 sin i^ 



sin (ig + O) sin i^ + 0 cos i^ 
tan (Ijj + 0 ) = cos (ig + o) ” cos ig - © Bin 



In order to check the orders of magnitude of equation (B13), let us 
exemine the folloving terms: ^ 

T ^ 

(j - LOG) 0 X 

. 2 2 

(I - LCG) 0 

- LCG) 0 z 



X z 

2 

z 



It is noted that there is an initial velocity in the x-directicai. 

fdx\ 

However, 
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to the point where the velocity at the bow has a direction defined 
by (i„ + ©), the foUoad.ng magnitudes would be typically representative: 



X ^ 10 ft 



(j - LCG)0 +(-z) = 0.8 ft 



Assume - LCX})6 = 



Then. 



-z 



0.4 ft 
0.4 ft 



X « 100 ft. 



(|- - LCG)0 X = 4 ft. 



(| - 



= o.i6 ft. 



{j - log)© z = 0.16 ft. 

X z = 4 ft. 

z^ = 0.l6 ft. 

When it becomes desirable to siu^djlfy equation (HL3) it is apparent 

2 

that all terms may be dropped except those containing x . It may further- 
more be assumed that 

tan (ig + 9 ) C" tan ig 



during the crushing phase. 

The sinqjliflcations mentioned above may be used directly to rewrite 

equation (B12) as follows: 

c- x^tonlj 
” ” Gin p 

Equation (HL3) may now be written in the following form: 



— mtm » II » «A« ^ 
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P. 



BZC 



tan 1 



B 



Sin e ““ ^ ^ ‘‘k 



- rTtan i. 



sin p ^B 



im.k) 



Eqvsatlon (l^) for the horizontal force at the bow laay now be written 
in the following form; 

CT tan i. 



•BXC 



B 



Sin P ® * ^k 



+ CT tem i 



B 



Sin P ^k 



(BL5) 



Free Body Description During Crushing 



Figure B-IX shove the complete free body diagram for an iceb37eaker 
during the crushing phase, (it is the same for the sliding phase except 



for the cocnposition of the bow forces. ) 

Point A (during crushing) is at the intersection of the waterline and 
is therefore fixed only in the z-direction; it is not fixed in the x- 
directlon. 

Since the oi-igin of the coordinate system is at the position 0 had 
Just prior to initial, contact (See Figure B-V), the vertical moment arm 
from G to A is 



where H is the Initial draft and K G is the height of the center of 
gravity above the keel. 

Ihe horizontal moment arm frc»a G to A (G A) is somewhat more complex 
since A is not absolutely fixed in the x -direction. 

As can be seen in Figures B-XI and B-XII, the horizontal moment arm 
can be expressed as follows: 



(OA) «H-KG + z 
z 



(hl6) 






^ tan i 



1 



9 



(el8) 



Linearize (GA)^, First, linearize 



tan (ig + o) 
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Figure B-IX 

Free Body Diagram During Crushing Phase 







h = increase of draft at LCF 
kp S coefficient of pitch damping 

kj^ = coefficient of Leave damping 

Tjg = thrust available against ice 

= pounds per foot immersion 
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Figure B-X 

Relationship of h to z and 0 




after sinkage 



after parallel sinkage and 
rotation 0 

after parallel sinkage 



CF = center of flotation on original ship waterline 
G = center of gravity 

Step 1. Sink ship h in parallel fashion. 

Step 2. Trim about CF (which does not effect buoyance 
magnitude ) . 

Note that LCF and/or LCG are negative if they are aft of amidships. 
Therefore the radius of rotation is (LCG-LCF). 

z = h - (LCG-LCF)9 
or 



h = z + (LCG-LCF)O 



(B17) 
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Figure B-XI 

Change of (gA) Caused by Change in z 







Raise ship (-z) 
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Figure B-XII 

Change of (GA)^ Caused by Change of Trim After Change of z. 
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1 

tan (ig + ©) 




+ 



z 

tan ig 



© 



.=■■■ A 









■i 



-244- 



tan (ig + ®) 



sin ® cos 
cos i!g - 0 sin ig 



Set sin ijj = C ^ 



and cos 1^ = e 



Then 



tan (ig + e) 



e - & c 
c + 0 e 



1 - ~0 
£ / ^ 

^ 1 + 

c 



tan (ig ^ O) 



c 



1 . (C + e ) e ^c ^ ej 2 

'e c' c 'e c 



The term containing 0 is negligible and therefore 



cos i 



tan (ig + 0 ) 



B 



sin i 



B 



sin i„ cos i_ 

X - * irTT ") » 



COS ig sin 






taii (ijj V 0) 



tan 1 



B 



0 



tan^ i 



B 



tan (ig + 0} tan 






tan^ i 



) 0 



B 



0 



^ ^ ” tan ig ' ^^^^2 ^ 



B 



Substitute eqxiation (HL8) into (EL9) and expand the equation. 



((^)x“ (|-^) ^tini 



B 



(H - KG) 0 - z 0 



(| - I^) 0 



tan i 






B 



tan^ i 



B 



3in^ i 



B 



z © 



ton ig sin ig 



(HL9) 
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Considering the non-linear terras as ne(^gi'ble 



(“>x - (H-®) * -hrq- ® 



(I - LOO) 






tan i 



E J 



z 



(B20) 



The buoyance force, (A + T^), acts upimrd through the center of 
buoyance. When 0 is positive B is aft of G by a distance of lAere 

is the height of the longitudinal raetacenter above the center of gravity. 



Icebreaking Thrust 

It is assmed that the thrust available for icebreaking acts parallel 
to the base line at a hel^t of (d) above the keel. Therefore, the lever 
am for the (T^g cos O) tem is (KG - d). See Figure B-IX. 

^Hirust 4ust prior to inmact is utilized in over casing "non -ice" 
resistance. At State 0, 



•vdiere t is the thrust deduction factor, is the total "non-ice" 
resistance, and T is the proi)eller thrust. 

ihie thrust available for icebreaking, T^^, may be defined as foUovs: 




T (1 - t) = By 



(B21) 



T. 



« T(1 - t) - By 



(B22) 



It is noted that 




(B23) 



where 



C o Coefficient of residual resistance 

T 



C^ » Coefficient of frictional resistance 
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p =s Density of water (constant) 

S = \fetted surface area (constant) 
V =« Ship velocity 



At low — values (below 0 . 5 ), C may be considered constant. (33.) 
VL 

Gebers indicates 



- 1 

o 0.02058 (^) ^ 

while Prandtl and Von Karman indicate 

i 



'f 




5 



wiiere L «= Length of ship (constant) 

V = Kinematic viscosity (constant) 
It may be seen that 



(2 - |-) 



R^.K,v-.K3V 

(Using Gebers' equation). The first term is for residual resistance while 
the second is for frictional resistance. 



+ KgV 



15/16 



This equation may be written in the following approximate form; 

2 



K^v- 



T5ie total resistance (including ice) which may be opposed is 
T (i - t) 

The thrust deduction factor is virtually Independent of v. 

2 4 



(B24) 
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where n * propeller revolutions per second 
B propeller diameter (constant) 

It will be assmed that n remains constant throughout the cnxshing 
phase (and the sliding phase). (See Figure B xHl)- 

Using the Taylor wake fraction, a relationship between (approach 
velocity to propeller) and v (ship velocity) may be set up (31). 

Vq = v(l - w) 

where w = Taylor Wake Fraction 

Dxe wake fraction is virtually independent of ship velocity over 
most of the range. 

As is illustrated in Figure XIV the thrust varies approximately 
linearly with ship velocity. Furthermore, since t is virtually constant, 

T (1 - t) » V (B25) 

It is to be noted that T (l - t) at a ship velocity equal to zero 
this force is commonly known as "bollard pull", 

Iherefore, in equation (B25) 

and equation (B25) becomes 

T (1 - t) B T^ - V (B26) 

^ere Vj^ » velocity of ship in the x -direction at State 1, eqtiation 
(B26) becomes 

T (1 - t) . 

and from equation (BZl) and equation (B24), 
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Figure B-XIII 

111x16 tratlon of Propeller Design Chart (3l) 
Showing Variation of with J. 







V 

where J = — ^ (v^ = approach velocity to 

propeller) 



Figure B-XIV 

Variation of T with Ship Velocity 




(n = constant) 
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Rp « T (1 - t) 



K 

^3 1 



K. 



^BOL ■ 



T. 



BOL 



’ V 2 



Erom equation (B22) 






^IB * <’'bOL - S’'' - < 3 ^ 



"^IB “ ^BOL 



-H 



V - 



‘*BOL “ 



(B27) 



Figure XV shows illustrative plots of eq\jations (B2l^) and (B26). 

Figure XVI illustrates equation (B2T). 

Note that equation has an unknown constant, This can he solved 

for only hy knowing the thrust and resistance characteristics for a wide 
range of in^ct speeds. These could only be known if other variables 
(i.e. , , n, d, S, , Cy, etc. ) were known and introduced. 

Furthermore, the equation is non-linear so it could not be used in linear 
differential equations even if were known. 

In the crushing phase, a good linear approximation could be made by 
determining the slope of the curve at v^^. However, the slope is also a 
function of so in spite of the fact this would lead to a linear equation 
it would be \mduly con^lex. 

Die next best approximation would be the one illustrated in Figure B-XVI. 
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Flgure B-XV 

Thrust and Resistance Forces vs Ship Speed 




Figure B-XVI 

Tjg, Icebreaking Thrust vs Ship Speed 
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■•IB -"BOL 



(1 




where v 



dt 



(B28) 



Incidentally^ this approxlrantion be valid during the sliding 
phase as well as the crushing phase. 

It should be reiterated that '*boll8ird pviU" generated by 

using the same rpm that is necessary to maintain in open water. 



Newton's Laws of Motion During Crushing 

Newton's La'>^ of Matlon may now be applied for the crushing phase ro- 
tationally about the center of gravity, in the x -direction, and In the z- 
dlrection. 

In the hoilzontal direction (see Figure B-IX) 



Yr . m ^ 

Ax X 

where m =* Mass of ship jd.us "virtual" mass in the x-dlrection 

d2 

’iB ““ ® - =^1XC ■ “x 

dz 

Setting coo © *« 1 and substituting eqioations (HL5) and (B28) this 
becomes 
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Set 









5= 



^BOL 

Vi 

CT tan i 



B 



m sin S 

■ X 



(cos S + sin p)sin i^ + cos i^ 



-T. 



BOL 

n 



d\ 

dt^ 



1 dt 



f a 



2^ 



+ a =0 
z 



(B29) 



Note that equation (B29) is independent of z and 6 and can therefore 
be solved as an independent equation. 



At t a. 0 
c 



^.0 - V , ( 0 )^ .0 



note that the solution of equation (B29) is a function of t. As a 
consequence the solutions to equations (EL^<-) and (HL5), 
respectively are functions of t. 



Pb2C = 



^BXC “ ^ 



(B30) 



It can be seen in figure B-IX in the downward vertical direction 
(z-dlrection) that 

^z “ ”z 2 
^ ^ dt 



A - ^ - (A + Tjh) - Tjg sin © - F. 
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Msiking appropriate sutstltutloxis from equations (ELT), (HL4), and 
(B28) tills 1*600063 

-■h. i- - ^fz- 'f ® ^ (f) « 



CT' tan 1 -^ CT tan i^, 

cos Ij (cos 13 * fj. Sin P) sin I 3 



X 



aK 

” “z ~2 “ ® 

^ dt^ 



[- 



m 



~) d z 

!ldt2 






dz 

dt 



hij 



3. I - (LOO - LCF) - ) 



Q 



cos Ig (cos P + fjjSlu 3) - fj^ sin ijj 



cT" tan i 



sin P 



B 2 ^ 

X = 0 



(B31) 



It can be seen in Figure B-DC that the suamation of laoraents about the 
center of gravity in the countercloclwise (-i'O) disrection may be expressed 
as follows; 



Y 



M = 



2 d^O 



dt 



vhere k ■* radius of gyration. 

*’b2C<“>x * *'bXC * Tjb cod 9 (KO - d) 
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Making appropriate substitutions from equations (B30), (HL4), (B20), 
(EL6), and (B28) this becomes 



^BZC^2 ■ ^BZC 






0 



+ F. 



BZC 



tan i 



B 



z + F, 



EXC 



H-KG 



+ F 



HXC 



[0 



f (iG-d) 



T. 



BOL 



(KG-d) 



dx 

dt 






9 z 



T^®Ij^(LCG-LCP) 



0‘ 



, d® , 2 d^O _ 

I'p 5t - “ -z 



In tlais equation both terms which include are multiplied by non- 
linear terms. As shown earlier, these x>cirticular non-linear terms are 
minute coa:iq>ared. to the other terms in the equation and will be dropped. 
The equation may now be written as follows : 




+ 




- ^BZC ■ ^BZC 



ton ig 
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w« 
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+ 



^EZC'I - ^ 



-%>L 



(Kj(3-d) 






(B32) 



Note tliat F- 



BZC" BXC 
of equation (B29)* 



dx 

and are functions of t based on the solution 



I 



• *v- 
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Solutlon for x Durln/^ Crushing 

Many attenqots, too isany too lengthy to be shovn here, have been 
nade to solve the non-linear sunsaation equation (B29)- 

However, it would <«eea that an assuni|rtion concerning the second and third 
terms is in order. It is reted that these are 



^BOL 

m V, 



dt 



-T. 



and 



BOL 

n 



and combined are 



m \ 



- 1 ) 



This cocMned term is very small in the crushing range (See Figure B-XVl). 
In fact, it can readily be seen that the whole term is non-existent at 
initial contact. 

Equation (B29) may now be written as 



T" -. „ d^x 

j F « m y 

dt*^ 



Set 






” ^EXC 
<T tan i 



m 



d^x 

dt^ 



B 



sin P 



Bin ig (cos P fjj sin P) 



CT tan i 



B 



sin P 



^B 



(B33) 



(See equation (HL4)) 
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Then P. 



p 

^BXC 


= 


, 2 


i^x 


lex 


« m — r- 

, « 


& 





dt 



(B34) 



(B35) 



Set p = X* = ^ accordance with reference (32) 

2 

d X • • d /dx\ dp dp dx dp 

..2 dt 'dt'' dt dx dt ^ dx 

dt 

(Kote that p = velocity of the center of gravity in the x -direction) 



3el . v= 



dx 



m 



-h f 2 

p dp sa I X dx 

■'o 



IeI 


< 

II 




f — 
CO 


V, 


3 



e!. 1-. A ,3 
2 2 “ 



2 v“ 

J: X 

2 2 3m 



3a 

li .3 



P = (V= - 



3n 



1/2 



) 



dx 

dt 



(B36) 
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/ 2 






3ni 



cx 



- f 



dt 



J. 



dx 



(B 37 ) 



'o 



3^2 

- X + V, 

3a 1 



It is apparent that any exact solvttion to equation (B 37 ) will he quite 
coopleXj uimecessaidJLy cora^ex. 

2 

Set a as — and h » v- 
3a X 

t<aiporarily. 

tiSien the denominator of equation (B 3 f) may be put into the numerator 
as ^ 

f(x) as (a x^ + b) ^ 

ibis function my be expanded into a series vising Maclaurin’s Theorea (33). 
f(x) = f(0) + f'(0) ^x f"(0) |r + f’"(0) + . . . 

« L 

f(x) a (a x^ + b) ^ 

. 1 

f '(x) = - ^a x^ + b) ^ (3 a x^) 

.i -1 

f "(x) = - |<a x^ tb) 2 (b a x) + I (a x 3 + h) ^ (3a a x^) 

- 1/2 

f(o) « b 

f’(0) as 0 

f "(0) as 0 

f’**(o) = 0 etc. 



(Note; Taylor’s Ttieoren may be used 
with valvies vtoere aero is not 
used but the result, in effect, 
is approximately the same but 
more cumberson. ) 
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Equation (B3?) now becomes 



dx * t 

^ t X = v^t (B38) 

In effect this states that velocity is approxiiaated as constant. This 
value for x nay now be substituted into equations (3^) and (B36) giving the 
following equations; 





= ( 




) 



2 



X 



■i. V? 



to 

dt 








3 M 






(B39) 

(B?K)) 



X 3 V^t 



It is advisable to check the validity of equation (B38) by substituting 
appropriate values into equation (B38) and (B39) and seeing if ~ drops off 
excessively, too excessively to use equation (B38) for x. 

Assume tlxe following approximate values (l4): 



m = 



17.28 X 10 
" 32.2 



5 X 



10 ^ 



lb sec 
ft 



3 10 ft/ sec 

C' ^ 4 X 10 ^ psf (20 kg/cm^) 



- 0 ^ ( * It I ^*< 1 ^ 



I 




V 



< 5 . J . - 

Ct-* .rn^mJ* SiC V ♦■ -:•* • t*. '• • ; fii 

• ‘v*^ ' JUi; (V ^ ^ *• 'T «>».j.>- - J , ^ Kifl T"; > 

r* .• .* 1 ^ :y»/i*oijr 



(^■«) 



% -•_ 



•**L •. 

- - \ . £ =. 






v-O-VJ 



4 ^ 



- f 



V) •• 



■M r>ff? t#*J«rr» Ui ^ -w.) oat, ■ •- *iv au/ .'j-:^- 4-* - i-^ t«.c» *f il 

^i£ ^ U 3fLl0^ fc? } All «A* . 

X O'- 'v. ^ ^fcir Y~y'’t uO/’ , t^vX.^-jvw4 
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30° 


tan ig''"* 0.6 




sin 


Ib = 0.5 cos 




0.9 


40° 






sin 


P cs 0,6 cos 


p S' 


0.8 


0.2 


^ X 10 ft 










Fran 


jLoxi { S33 } ^ 












^1- 


ILxio^Kp^il 

(o:6y 


(0.5) (0.8 ■ 


> 0 . 12 ) + ( 0 . 18 ) 








(4 X 10^) (0.46 


i- 0,l8) 


= (4 


X 10^) (0.64) 








2.6 X 10^ Ib/ft^ 














2. 6 X 10^ 


10"^ 










m “ 


5xl<P ‘ 











- I ^ = -(|)(5 X 10”^)(l0^)(l) -33 

(^) = (100 - 33)^/^ = (66)^/^ = 8.1 ft/ccc 

»» 10 ' 

If the velocity decay had been linear this vould ingply tlmt the dis- 
tance tra'/tdled in 1 sec 'vronld have been 

(: \0 ,± M .) ^ 9 05 fb/sec 

(9.05)(1) = 9-05 ft 



Instead of 10 ft. (Since acceleration is increasingly negative, the velocity 
decay vould not have been linear and the distance travelled In 1 sec voxild 
luive betjn even closer to the 10 ft ve started idth. ) 
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Using a series expansion it is possible to expand f(x) of the integral 
of equation (B37) renembering that there exists the condition 



/Sl\2 6 / - 

(p X < 1 



f(x) = b 

X 



L 



= 1/2 
f(x) dx 






t « 
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• ¥k'> * I 
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2 7 
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-2(2.6 X 10 ) ^ -3.47x10’^ 

3(5 X ICK) 



b » 10‘ 
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Is” = - 1.068 X 10"^ 

- (f-)^ x^® = + 2.56 X 10"^ 

t = Iq 1^4 + 0.0112 - 0.000107 + 0. 0000026 j 

I = ?f . :9?439^^ = 0.toll3096 seconds 



If it had been assumed that 

X ^ I 

t» — t*r;r=0.i»0 seconds. 

10 

Ceirtainly it is satisfeictory to use this relationship vhere the 
as 3 \ni 5 )tions prove themselves correct later. This confirms equation (B 38 ). 
Using only the first and second terms. 






1 /a\ 4 

X - g y X 



1/2 . & h 

3 / t = X - X 



\dxere a = 



2 

3 m ~ ^1 



By using a reversion of the series ( 3 ^) 
= (l)x + (O)x^ + ( 0 )x^ + (^) x^ 



the equation becomes 

X = A^(b^/^) + AgCb^/^) + A^Cb^/^t)^ + Aj^(b^Z^t)^ + . . . 

A3.0 A3 =0 
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X = b ' t 



, 1/2 



3/2 
+ ^ t3 



-2!c,v^ » 

X = V, t 5r" X = V (t 

^Vi 

This equation, (b4i), will be used. 
Th.en 



12 m 



X = (v^ 



2 -2kj^x^ 1/2 



3 UK 



) 



(B«H) 



(bJ*2) 



X* » (-i) x^ (b43) 

X 

* * * 

These three eq\3ations will be used to eagpress x, x, and x but since the 

last tern of equation (b4i) is almost always ne^iglble it is dropped in 

calculations of other coordinates. 
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Solutlon for 0 Durlnf; Crushing 

The equation for the summation of the forces in the z-direction 
during crushing, (B31), may now be rewritten. Ihe term for T^^ will be 
dropped for the reasons mentioned earlier. 



Let 



tan i 



k. 



B 



sin B 



cos ig(cos 3 + f j, sin P) - sin i^J (b44) 



N& •[•“»]»•[">] 
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[-T^(LCG-LCF)J © 



h 



e 0 



2.2 

V 



\2c = ^ ^ 
\3c “ ® 



\2c * ^ ^ 






(b45) 



^2c “ 

Ci2c « + (LCG-LCF) 



(Note; TOiese are constant coefficients) 



Then 
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^ ^2c % 
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(b46) 



The equation for the sttmmation of the moments about the center of 
gravity during crushing, (B32), may now be rewritten. Ihe term for Tj^ 
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vlU be dropped for reasons mentioned earlier. 

In order to keep the coefficients of the eqvtation constant, the first 
term, % 



P. 



BZC 
tan i 



B 



BXC 



z 



vlll be dropped. This siE 5 >llflcation should be valid since the magnitude 
of the teim is ne^lgible vhen compared to the tem 



*■820 <2 * ^EXC 



which will be retained. It is noted that this lat'ber tena is in the order 
of 200 times larger than the former. 





dt 
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Prom equations (EL4) and (B39) we find 
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Prom equations (BL 5 ) and (B33) we find 
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Siibstitutlon of equation (B 33 ) leads to 
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^Rie sunraation-of -mcHnents equation may now be written 
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(note that Cg^^ is a function of t. ) 
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!Hie sxjnuBatlon of moments eqmtion may now be written 
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a 9 + b 9 


+ c 9 » dt^ 




■ • T> • 

9 + ~ 0 
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+ — 9 ^ t^ 

a a 


(B32) 



The related homogeneoxis eqtiation Is 

+L© ^5-9 = 0 
a a 



Hoots 
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* ib^ 

n 



' a 



-“I 



(- 

9 =s A^e 

r.. t 

JL 

9 => A^e 



2 




+ Age 



+ Age 

Eote: 




V 4c 

2 / a 

a 
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^ 4c 




As seen before, the partial solvttion 
Assuaie the partial soluticai to be 

9 =.At^ +Bt^ +Ct +D 
P 

9 » 3At^ +2Bt +C 
P 

6At +2B 
P 

Substitute these values in equation (B52). 

6At + 2B+-3At^ -r-2Bt + ^C 
a a a 
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+ -At^+-Bt^+-Ct +^D- — = 0 

^ d GL £L 

<3*r* ^ -f) + (6A ♦ ‘ 

+ {2B 1-l-C + j-D) + (|-A) = 0 
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Find the partial solution, 9 , of eqmtion (B^2) R * ~t^^ 
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9 = 

p 



a ±2 2M . ^ 2 d 

c ' ca^ ^ 3^2 



2 cd a 

2 2 
a c 



« d ^2 2 bd ^ . 2 b“d 

Op- c* J* *~J- 
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This confiims arevlotis solution of 9 . 
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Before proceeding with (b 4 ac), look at solution where b 4 ac 
or equivalently where 



kp 4l 4 m A GM^ 
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(for the homogeneous equation) (Both roots contain imaginary terms. ) 
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Let 
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0, 
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e = e t (Ai cos ^^t + Ag sin 



(General solution to the homogeneous equation) 

2 
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As before, if 0^ » A^t + + C^t + Dj^ 

the general solution of the canplete nonhcsnogeneous equation becomes 
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!Ihe following terms are used concerning rotation during the crushing 
phase; 
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» 2 M 
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c (3 
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® “ c^s 2 a s 



(a^) 



2 M.| ^(„.£). .a(a- 4 )) 

C p c c p 



A 2d /rs \\ 2d /V| 4. ^ \ 

*2 - "ST ‘ ^ ~ ^ * 2 • S? ' 

CP c P 



. . 2 M /3 "b^ N bd N 

(f - 2 ^) - < 3 --) 



Equation (15^) Hi^iiy l*e vrltten as 
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(Aj^ cos + Ag sin ^^t) z 1 1 - 
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A^ and Ag satisfy 6 and 0 when t = 0. 
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o O'* 

®* = oj e ^ (A^ cos tij^t + Ag sin e ^ (A^ cos sin 

at 2 <L 

+ 2 0^3^ e ^ ( -A^ sin 3^t + Ag cos 3^t ) + — — 



P P «i't 

© =. (c^ - pp e (A, cos 3^t + Ag sin P^t) 



(m) 



at 2 d- 

+ 2 O^p^ e ^ (-Aj^ sin P-^t + cos p^t) + 



It is to be noted that the hotnogeneous equation expressed daraped 

oscillatory rootion, vhlch is what the ship would have if there were no 

oosaent applied. 'Hiei'efore, equations (1^4) and (?5^), and (B59) will 

ott 

used. Furthermore it may be anticipated that the e tera should be very 

close to unity at the low values of t \/e expect. 

« • 

Test to see that © = 0 ifhen t « 0. 
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Solution for a Durlnp; Crushinf^ 

In equation (B^5) the factor of © will he considered negligihle} it 
is a small corrective tern for the difference of draft between the center 
of gravity and the center of flotation. The equation becomes 



2 \ ^2 



(+a^) 2 + z + (T^)z = t 



a_ =» + n 
2 z 






- (-Vl> 



z 





(B60) 



It is noted that equation (b6o) Is the some liohhomogeneous equation as 
wid further that the motion i^iesented by tiie hcaaogeneous portion is 
the same type (dair^ed oscillatory) that is represented by the solution to 
(B53)» ®ae initial conditions are the same. 

We can therefore wrrLte the equations of motion using the following terms 



^2 “ \ ^2 ' '^f *^2 “ 

m a total mass le « leave daaqdng 

coefficient 



(-kgvj) (BfiL) 

T^ = Ib/ft 
immersion 
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The equations for ciotion during crushing in the vertical direction are 

at d 

z =» e (B, cos p-,t (• sin (3 t) + 
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(c^-a 0^2^^ 



cos Pgt -(• Bg sin Bgt 
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Veloclty at the Bov 

It can be seen that the velocity at point A on the bow raunt equal 
the approach velocity, at the time of Initial contact. See Figure B-XV1I. 

As the criterion for the tenainrtion of the crushing phase, there must 
be no velocity at point A vMch is normal to the stem, therefore the 
velocity of point A must be in the direction as indicated by (i^ + 9)- 



See Figure B-XVIII. 

Let the direction of the velocity of A at any time be defined by 3^ , 



as shown in Figure B-XIX. It follows that 
(GA),, 

tan^ = 



'x dt dt 



i- - ) 



(b6s) 



where 
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dt 



is d<!fined by equation (B 55 ) 
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dt 

dt 



le defined by equation (b 63) 
is defined by eqmtion (B46) 



We recall from eqioation (B3.6) that 
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Plgure B-XVII 

Point on Bow at First Contact with Ice. 



Ice 



Figure B-XVIII 

Point on Bow at End of Crushing Phase. 




State 1 



State 2 
A2 



1 
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Figure B-XDC 

Illustration of Vector Velocity of Point A on Bow 
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Therefore, the equations on page 278 also he solved on the hasis 
of equations (]E54) and (B62) before they may he substituted into equation 
(DG5). If t is kept as the only lonknovm, then 

tan y = f (t ) 

!IMs may he solved for successive values of t until 
tan y » tan (i^ + ©). 

At this time, tg. State 2 is 3reached and the cnishing has stopped. 
Using tg» any crushing equation of motion may then he solved. 

Bie following values must he knowi; 

Mjaensionless coefficient of kinetic friction 

An^e between noxmal to plating and centerline plane. 

Angle between stem line and base line 

Estlxaate of compressive failure stiess of ice, lbs. per 
sqmre foot. 

Length between perpendiculars, ft. 

instance fraa midships to center of gravity, + if foivard, 
- if aft, ft. 

Draft, ft. 

Height of center of gravity above keel, ft. 

Pounds per foot imersion 

Coefficient of pitch damping, ft-lb-sec 

Coefficient of heave daiiplng, Ib-sec/ft 
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m 



n 



Mass of ship plxis virtual mass in x-direction. 



I-feuss of ship plus virtual mass in z-direction. 



2 

lb -sec 
t 

lb-sec^ 

ft 



k 

LCF 
- if 




A 



LCXJ 
- if 



Indians of gyration, ft 

Ib- 

Mass of ship plus virtual mass d^a*ing rotation (pitch), — 

Distance from midships to center of flotation (+ if forward, 
aft), ft. 

Velocity of ship immediately prior to initial contact, ft/sec 
Longitudinal metacentric height, ft. 

Displacement in lb. 

Edstance from midships to center of gravity (+ if forward, 
aft), ft. 
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tlass and Maao Moment of Inertia 
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For the purpose of these calcvilations it inay he assuaed that the 
mdervater shape of laost icehreahers nay he approximated as indicated 
in Table 6Sa on p* ^3 of reference (2^). 

The foUoving dimensions from a "Wind Class" Icebreaker will he 

used: 



LBP » L = 250 * 

H = 25 * 9 ” 

B » 62'0” 

A = ^00 tons 



k 230 

H “ 25.75 



0.97 



Fatness Ratio » 

( 25)5 



D "Maximum DLameter" 



7.75 




L 



Body No. 


D 


Fatness Ratio 


CAMX 


CAMZ 


CAM& 


1 


4 


31.91 


0.087 


0.854 


0.598 


5 


8 


7.98 


0.031 


0.942 


0.835 


where 


CAMX is the added mass coefficient for unsteady 


motion along 



the x*axis. 

CAMZ is the added mass coefficient for unsteady notion along 



the a -axis. 
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CA^J^ io the added moment of inertia coefficient for pitch. 



It is noted that in the reference the value for CAIE is hased on 
lateral translation hut since these tcnas were developed for submerged 
shapes, the value is also valid for the z-direction. 

Since none of the bodies in the table seem close enough to our 
typical shape, let us use the development of the prolate ellii>sold in 
Figure 62. B of the reference. This shape is not too far from the under- 
water shape of laost icebreakers. 

a a ~ = 125 b a ^ = 31 

a/b = 4.03 

For = 3.99 = 0.860 kg « 0.082 k^ = 0.608 

where h = added mass (or mass aotr^nt of Inertia) 
body mass (or mss moment of inertia) 

kj^ for the z-axls 
kg for the x-axis 
kj for pitching 

Therefore, the mass (or laass moment of inertia) for ships of typical 
polar icebreaker form may be approximated as follows: 
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= 0.050 k^A 
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where A is displacement in lb and g is acceleration, 32.2 ft/ sec . 



®iese factors correspond to length to beam ratios of 4 to 1 and are 
therefore representative. It is felt that it is not necessary to re- 



calcxilate them for each proposed icebreaker for that reason plxis the 
fact that solutions of the icebreaking equations are comparative and 
not, strictly speaking, absolute. 

Dfuirping Coefficients 

It is necessary to use a convenient approximation for damping co- 
efficients in heave (h. ) and pitch (k ). It is to be remesiibered that 
these equations for icebreaking are to be used coB 5 >aratively and do not 
warrant the precision and conqplexity of some methods of determining 
damping coefficients. 

Vosser (25) uses the following dimensionless coefficients for denoting 
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An average value of for relatively low pitching frequency is 

selected from Gerritsma's work published by Vosser (25). 
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An average value of V ° based on Gerrltsma*s work is selected. (25) 
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Radius of Gyration 



It is necessary to have a stdtable value for the mass moment of 
inertia about the center of gravity for a pitching motion (about the 
y-eods). A convenient vay of finding this is to know (or approxiiaate) 
the radius of gyration, k. 

Vosser (25) Indicates that the longitudinal radius of gyration of a 
fully loaded ship varies between 0.22L and 0.27L. (A triangular wel^t 
distribution would have k = Q204 l). 

Since an icebreaker is generally short, broad, and deep, much of its 
weight is toward amidships. For that reason, and as an a;i^roximatlon, set 

k = 0.22 L (Fri) 

Potmds per Foot Ingaerslon 

During initial design stages the ar^ of the 'v^ter plane may be known 
bvtt the next step of calculating tons per foot immersion may not have been 
carried out. For that reason, will be expressed in the terms of 
uater plane coefficient. 

a Ii’B (Vfater jlane coefficient) 

a 6i^.2 L a B Ib/ft (B72) 

for sea water. 

Icebreakers constructed prior to 1962 have had various water plane 
coefficients frcaa 0. 65O to O.76I with an average of O.72O. 
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Longltudlnal tfetacentrlc 

TMs value nay not be known during Initial design stages. In that 
case it would be appropriate to use 

GI4j^ » % L (B73) 



Bow Forces During Crushing 

Reference to equations (B34) and (BlU) will lead to values for the 
horizontal component of the bow force and the vertical con^nents of the 
bow force respectively. 



^BXE " (B39) 



where and kg reflect the Influence of g~ , i^, and 
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Sliding Phase, General 



The sliding phase comences once local crushing has ceased. In 



other words, there is no component of velocity at the bow normal to the 
stem. 

It is in^ortant to iKJte that point A on the ice, the point of contact 
with the bow. Is fixed relative to the coordinate system during the 
sliding phase. 

Unlike the crushing phase, the friction force acts only parallel to 

the stem since that is the only direction of relative motion. See Figiure B-XX. 
K 

If ^ represents the force normal to the plating on each side, then 
the friction force can be represented by 



where fj^ * coefficient of kinetic friction. 

As may be seen in Figure B-3QCL, the foree normal to the stem, in the 
centerline plane, my be expressed as 



!2. f a 

2 “ k 2 




(B74) 



P = H cos S 
s 



(B 75) 



where p » ajigle between normal to plating and centerline plane 
As may be seen in Figures B-XXII and B-XXIII the iqjward force 



under the bow is 
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Flgure B-XX 

Forces Acting on Bow During Sliding 
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Figure B-XXI 

Resolution of Friction eind Normal Forces 
During Sliding, Looking Down Stem 
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Figure B-XXH 
Bow Forces During Sa.iding 
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Figure B-XXm 

Free Body Diagram During Sliding Phase 







h — increase of draft at LCF 

k ^ coefficient of pitch damping 
P 

=. coefficient of Leave damping 
T__ S thrust available against ice 
=. pounds per foot immersion 
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and the horizontal force to the left ie 

^BXS “ ^ 

Sxibstitutlon of equations (Ff^) and (Bf5) lends to 

Fg 23 « N cos P cos (i^ + ©) - N fj^ sin (i^ + 9) 



F 

'bzs 



and 



BXS 



H (cos 0 cos (Ifi *9) rtn (tg * 9) 

K cos P sin (1, * 9) + fj^ H cos (is * 9) 

r 



(B 76 ) 






cos P sin (ig +9) + f^, cos (i^ + 9) 



B 



(B77) 



For reasons indicated and justified earlier, ve shall use the 
following approxlmtions : 



cos 9 = 1.0 
sin 9=0 radians 
tan 9 = 9 radians 

Furtheircore, the terms may also be rewritten using trigonometric 
substitutions . 

Equation (B 76 ) now becomes 
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Equation (B7T) now becomes 
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cos P (sin ijj + ©) cos i^) + (cos ig - 0 sin 1^) 



^BXS ^ 



(cos P sin ig + cos ig) + (cos P cos i^ - cin i^) 0 (B79) 



Let = cos P sin i^ + fj, cos i 
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and "b^ =» cos p cos i^ - sin i 
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How Fgjg may be expressed in terms of the vertical force, Pggg* 
equation can be e:q>anded and then the terms containing 0 to a degree 
higher than the first may be dropped. Biis linearizing is valid since 
0 (in radians) will be relatively small. 
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Ifotaent Arms 

The free hody diagram of the Icebreaker diiring the aliding phase is 
shown in Figure B-XXIII. 

TOxe distance (GA)^, the moment arm for the line of action of P_^ 

Z ijuW 

may be expressed as 



(GA)„ = H - KG + z (B66) 

z 

where H is the initial draft and KG is the hei^t of the center of 
gravity above the keel. It must be reaenbered that the origin of the 
coordinate system is at the position G had imediately prior to Initial 
contact (State (l)). (See Figure B-XXTV). 

At State(2), at the termination of cnashing, the hccrizontal distance 



to point A is 
(GA) 



x2 
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3 4 “ 

See equation (B20), 

Recall that, now that point A is fixed, any motion in the x-direction 
(b^ond Xg) will reduce that value. 
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Figure B-xxrv 

Position of State 2 , the Termination of the 
Crushing Phase and the Commencement 
of the Sliding Phase 
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IIevton*s Lava of ^iotion During Sliding 

With reference to Figure B-XXIII, Hewton's Laws of siotion my now be 
applied, for the sliding phase, rotationally about the center of gravity, 
in the x-direction, and in the z-dlrection. 

In the horizontal direction 
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Frora equation (B28) 




From equation (b35) 
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Equation (b 89) loay now be written as 
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The summation of forces in the downward vertical direction (z* 
direction), as seen in Figure B-XXIII, may be expressed, as 
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Fr«a equation (HL7) 

h = z + (LCG - LCF)© 

Siibstltution of this and equation (B28) leads to 
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Substitution of equation (B92) into equation (B90 leads to 
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Ihe following products of variable terms appear in equation (B93): 
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Maclaurin's Theorean may be used to put those terms in linear form. 
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Equation (^3) say now "be ivrltten in linear form. 



m . A ^ \ rn Q + ts. 0.^2, ^^OL / ^ v « 

•^BOL '* V- ^ dt b„ -^SOL b v^ 'dt' 2 v, 'dt' 

1 S Sl 2 Sl 2 

a j a 

. -s ..?PL . . to V ^ ^ „ 

\ ®2 'dt^ bg ^f ^ 



I • • 






• • 



-L .» 



■•f.' 



• • - .'c' 



1*^ 



t ■' / -i' •-• f-^*> 



•'S’ j 'S 

L • I 



1^ . 



3 ^ *r' - 



V-: 






J 






• XL’t a 5> 

.V.' - ^i,' S'* ' t ‘ 






’ .’i * V ’ ti 



* «. i 






u** 



-A ® • *ljf) »Ti:./.»«*^ 



^ tS£l j* 



v" Jl. . . r - - 55 

< - <f .. n- " • ^ 



ft ^ 



.1* 



- ^ ‘f! ^ ■ 






-301- 
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llxe sianaation of moments (counter cloclcvd.se) nay be token about the 
center of gravity. See Figujre B-XXIII. 
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Prom equation (B92) 
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From equatiOT, (B28) 
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From equation (EI 7 ) 



h » z + (LCG-LCF) 9 



Fron equation (b88) 



(ga)^ = \ - 



where -LOCi) - 



+(| - LCO) 
(H-XG) ■ 



tan i 



B 



9, 



+ 

2 

— - . -f V 

tan i_ *2 



B 



F!raa equation (^6) 



(GA) = (H-KG) + z 
z 

These equations niust now be substituted into equation (B 96 ). 
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Kon -linear tersis of equation (l^) must t)€ put into linear form, as 
was done earlier. 
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9^ = -Og + 2 ©2 9 
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= - 2 (fr) 9,2, 9 + #) I, 9^ + #) 9, 2 9 
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Equation (B98) nay nov be written in linear form. 
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\ ~ \ \ ^,.2^ ” ^DOL ®2^2 *^BOL ®2 ^ ^ "^BOL ^ ® v, 'dt%''2 '‘2 
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-I^n^(H-KG)(&) 9 - k 5 n^(H-XQ) 83 (^) ' ^’'wL ®2 ^ ^2 ® 

du C CIX S S 0 



ii ^ (fc) e - + !s. ^ (to) , 9 + !a. ^ (to) , 

b V, ^dt', 2 ‘•2 b, V, 'dt-', ^2 ® b, y, '•dv', ®2 “ 

Sl2 3x2 Cx2 



+ !§. ^ 6 2 (^) 
* V V, ®2 *2 

S 1 



4 - ==2 * (“O-ICF) ®2 ^2 (M0-LCF)03 z 

S S S 8 



- a 

^ (LOG- LCF) Zg 0 
s 



a , a , a , a ,2 

, s . /dz\ „ s . /dz\ „ s . „ /dz\ . s _ / d z\ „ 

b ^ ^dt% 2 " b_ ^ ^dt^p ^ " b ^ ^2 ^dt^ b„ \ 2 

8 28 23 3 at 2 



/a z\ 









- , 3 












o ” ••» 



V 'f 



\ . « . 

^ t 



# . - ' * 



; f4, 



• .• . 't ^ - T • • 



A'— " "" ^ ■ 

vt ' 



i i- 

- ‘ ^ i J 



» . 



f -V' 

•Jt/ !- f ^ 



AlSu.-*.'-) -*•;- . 1 '. ,* J Cx V- ■’.•J,' * 9 V . 



.• 0 



« r 



!• 



■ .' ..'jj -«>i) ,t -i- 






^ 1h 



-311- 



b®- ”."2 '^BQL *2 '2 - 2 1=5 TboL h«2 ® ‘ 1=5 ’'bJI, »2 ^ 
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aax * + "a “a * °22 ^ * ’’22 + =22' * ®2 * * ’’23 ® 
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Location Geometry 

During the sliding phase point A, on the ice, is fixed relative to 
onr coordinate system. Since the hov maintains contact vith this point 
there must exist a definite relationship among (O - Og), (z - Zg), and 
(x - Xg). Biese relationships are illustrated in Figure B-X3CV- 

If the ship is rotated (0 - ©g) counterclodwise and raised ~(z - Zg), 
the ship must be advanced (x - Xg) in order to maintain COTxtact. 

It mey be seen that 
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Figure B-XXV 

Illustration of Position Geometry 




Rotate (o - ©g) about the center of gravity and then 
raise it -(z-z^). 
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From equation (HL9) 
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^ 2 kg ©2 . Q - ^6 ®2 
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B sin 1 



B 



"33"“ 



b33 = 0 



- k. 



'33 



tan i 



B 



sin^ i 



B 



+ k 



"7 



S “ 2 tan _. .2 



B 



sin i 



B 



tan i 



B 



^2 ^2 
sin^ i 






B 



■where kg » <'“>X2 






f 



‘Jo . • 



C 



i 






J 



r 




it ^*4 

fi 






i 



I 



I • 




a 



I 







^ L ^iil* 
0 






4 






H 



0 

i • 







i -O) 



_v 




.3t »ro-» 

1L 



« 

h 

i 



I 



I 






« 
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Slrtultaneoua Eqmtions of Sliding 
Grov5>ing the three equations. 

Equation (B 95 ) <6 

+ (0)x + a^2 ^ * ®12^ + (o) 9 + (o)9 + ^ 

Equation (HLOO) 

(0) i' + + aggi* + bggz + CggZ + 0239' + bg 39 + C23© = 

Eqmtion (BL03) 

(0)x + (0)x + C3j^x + (0)z + (0)z + C32Z (0)6* + (0)9 + C339 = 

Rewriting in operational fora. 

2 2 2 
^ + 0) X + ^ ^12 ^ ^ ^2^ z*^(0D +0D-^ ^ ^ 

(0 + bgj^D + Cg2^)x + (OggD^ + bg2 D + Cgg) z + (a23D^ + b23D + C23)© =* dg 

(c 22 ^)x + ^^^ 33 ^® “ S 



I 



• . ! x^- "C i- 






\ , fiV> 



• I* 'HZ' 4 






.- •^,-f’ • ■'* 



<i f 



"XT’ 












.H • 



cl' 



i ^ 



<’-■/ 






r ■ *ct' * ' ' 



•< 



C’^ 4'-^ V * i } .'.(a) 



^ !w‘V . . 



|i^ ® ^ j-> '• ' ‘X •-'• - * 0 • ^C!:^. ) • • (C <i 






V ■* 

^ ^ ■ • ( r,y*^ ■ '• ‘ *( ^ •! O) 






-<x,-r) 



5(., 






I 

A 
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Laplace Transforms 

mjL. 



F( ) = ht)J 



d 

dt 



h )] 



L ^( )] - f(o'‘) 



dt 



k )J 



L |( )] - = ^(o") - 



For exaurole, if f(t) = x 



|a D^x j = a (x) - a 3 x^ - a x^ 



L[ 



D X 1 = be L(x) - b 



L i x] = c ]jx) 



For further exaa^le, if x = Xg and ~ = (^)g ot t = 0, 



Lt 



+ b D + c 



X » a s 



L(x) - 



a s Xg - a Xg 



+ b s 



+ c 



L(=) - 

L (=0 



b 



Lt 



D + b D + c 



x=(as^+bs+c)|^ [xj - a s Xg - a Xg - b Xg 






. ^ I 



» •: 



• I 



j ^ 



r-;> 



4 s 



" ‘ -T^ 

H> 






V - 



r i » 









-• 



t • •* I - 



f (1 



'.:lJ 



J r 



,<• O - *.» * ,'■* ^*** ••*•■* ' *■ . 



taiUKi^ 5rt% 



» ^ - ^.;i *, ' J •» . U -- fL I 'V 4 



J 



y - ( k ) ■> r . 



(-) 



I 

-X 



\ t 
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The three sinultaneous equations (B95) (ELOO), and (KLO3) nmy he 
written ac follmns using LaPlace Transforms. 

(a^s^ + b^s) L[x] + " 






0 



^ ^Zl^L [x] ^ ^22® ■" ‘' 22 ) L W + (ag^s^ 4- bg^s + Cg,) L 



22 22 "22 



23 “ “23 23 ' 






'’21^2 * ®22^ ^2 ''■ ^22*2 ^22^2 ®2 ^^23 ®2 ^^23 ®2 '*' s 



^®2l^ Lw '*■ ^®32^ ^®33^ L fe] = ^ 

Let = Bl^ Xg + b^Xg + a^2 ^2 ^2*2 

^2 “ ®11 *2 ■*■ \2^2 (m04) 

^3 “ ^ 

^ “ ^21^2 “22 ^2 ^22®2 ■*■ ®23 ®2 ■*■ ^23 ®2 

^22 “ ®22^2 ■*■ “23 ®2 



^23 “ 

S3’ S 



I ’ 












/ * 



,'t 



w, ^1 



-t‘ .-•/(*• 



0 kli f L^<» 

*"^ r ^ 















4 < 






I- .*• ' .« 



• • ■ * V/ £•' 



if -i 1 

J 



I 



V m 



»- , » • ,.' *• 
A »i .1 . _ 



• (t 









- * 






1^4 ^^4) ♦ •«# 

I *5 ^ U «Ldl 



K* r-sr" • It*' 



i ^ 
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ffiien the simTiltaneous equations nay be written in their shortened form. 



<v 



♦ Di^b 



)L fe] 



(“12 



^’>12“ 



“i2^L W + (Ci3>L [»] ■ + 



(mo5) 



('>2l“ * =21>L W ■" (“S2“^ * '=22“ * “22>L + <“23“^ '’23“ * “23)[. H 



dgg 

^ * '>22 “ ♦ B 



(SLO6) 



(c3i)L W + H + (^23)L fe] = -p- 

Using deterainaiit form> the siinultaneoxjs LajiLace equations may be solved 

H > L H , and Lh . 









!• ‘x »a • * 



OJ J* 



1 1 • r 



Jrir 






< 'VJI ' 



Ta) j? . 



V.#«T 

t •♦ 



'« ^'^) lu '* 



) . ! G_ 



' I 



^ • • 



I -rot* ) 











9i 



i'frr 



4.’! VI 






,vT 



: *n^ 



I icuT. 



.’- fr-'^nty;^ '^nhC 



l^l 



^ 

A 



<■ 



|«oa 
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(^1 ^ ^ * \2= =12> <<=13> 



(421-^22^ *-p) ('‘22"^ ’■'’22= ■’ =22> <=23=^ '’23=”=23> 






(Cjg) 



(C33) 



|X{ = = 2 g 

^ V®) K2® ■"^2® ^‘=12^ 



(C13) 



^*'22®^'^22® ■" ‘"22^ ^^23'*^^23^ ^23^ 



(*^31) ^®32^ 



(C33) 



^^ 22 *^ 33 ® ■^^ 22 ® 33 ®'*^® 22 ^ 33 '^ 2 ^ 22 ‘^ 33 ®^'^ 2 ^ 22 ° 33 ® ‘^ 2 ° 22 ° 33 ® 



'^3*^22^33® '^3^22*^33‘^3°22^33 2 ^2^23S3®^'*®12^23S3®^’^2°23S3® 



■*12®23S3® ■*12'*23^33®'*12°23S3'*^12®23*^33®'^2^23S3'*^12^23S3 



■*^3^®32'*^3^22®32°'^3^3°32 2 *■ \l^3‘^32®^“^'^23®32®'^°23®32 



"\2^23°32® ^"^2^23^32® "\2°23®32®’\3^23®32®‘^3^23°32"^3°23°32 0 



h1 a 






§ - 






.7 • 



*r 






- ' • ^ ^ , J » 









■ 'l«-" 






^ ' •' I ? 



>/ 



•"-‘-1-?/ '•-■•:•••'- •.'V ■^‘►■» 



V V. ^i' t ' >i»; 



U -‘A Ck 



1 



.r- ^ir'^ 






^ • fj- f 
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■^2*^21^33® *°12S2*^33®^"^2‘^23‘^33®"^12^2i‘^33® ■'^12*^22^33° “\2S3‘^33 
*^2^i‘^33"^2‘^2®33° "^2^23*^33 2 ' °1 3^22^3° “^3^22S3'’‘^3^2S3 
Ki « + K^2®^ ■*• 1^10 **09 2 

^13 “ ^^2^22^33 ®12®23^33 ’ *^2^23*^32 ' ®12^2°33^ 

**12''^'^*^22®33'^2^22‘^33‘^2*^23‘^33^2*^23S3’^'‘23®32"^2'^23‘^32 
“®12^°33 ‘ \2^2‘^33^ 

®11“^‘^^22®33'*^2°22‘^33'^3®22°33'^2°23S3'*12^23S3 ^12*^23^3^ 

■^3^2°32"^^23°32"^2‘^23°32 "^3^23*^32 ”°12^3°33 
'’\2^®33“°12S2®33'^3*^22S3^ 

*^10“^‘^®22°33'^3^22'^33'*12°23S3'^2*^23S3'^13^°32*^°23‘^32 

*^3^23®32"\2‘^23°33'^2*^°33"°13^22S3^ 
Ho9=*^\3°22°33'*^12^23^3'^13^3®32"^3°23°32”®12^3®33“^3‘^22S3^ 



rHi O 






* r g 5 • ^ ^ 



' %. • ‘ • 



e, <• 



•i.r*- i..‘ 



I. • 



. 












^fr : .\»** * 



n- ti' t'^ f rr:t 



r y' V "i* ' n‘u^^ ' /' 



* . V "fi? a“t t ' a*-'e’ ' *%r* 



' c r^’ u *'^r/. \*. *1/ " 
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Den. 



Den 






\l®22°33 ® \i^ 22^33®^ '*’ ®n°22°33® * ^11^22^^33®^ ^ ^1^22^33^ 



\l°22'^33 ° 

®12®23*^® ®12^23°31*’^ * ®12^23^31® ^ ^12^23°31°^ ^2^23^31^ 



\2<^23‘^31^ 



* ^12^23^31® *T.2^23°31® ^12^23^31 ^ ®13^21°32® ^13*^21^32 



®11^23^32® " ®11^23°32® “ ^^23^32® " ^11^23^32® “ \l^23®32® 



■ ^11°23®32® 



"^2^21^33^^ ’ \2‘^2i‘^ 33® ’ ^12^21^^33® " \2‘^2l'^33® " ‘t.2^2i‘^33® "^12^21^^33 



'^3^22°31® ’ ^3^22^31® ’ °13®22^31 



li ^2 

I^s + D^ S-' + DgS + D^s + D^ 



(HL09) 



^°11^22°33 ®12^23®31 ” ^^23® 32^ 



®3 ' ^®11^22®33 ’*’ ^11®22®33 ^2^23^31 '*' ^12^23^31 ’ ®ll'’23®32 “ ^11*^23^32 

" “12^21^^33^ 






1 






t 

i 



• f- 



A. 









(5> i 



«• 






i. - 



• 



< I 

u 






'•V -’-t'’ ' 




« . 






L 



•« - 






^ 4 i« 







*-• ^ • 



, Jt! 



Mm l > I 



>'^* /’(o'!." ~ 



J» \i 









V. • 



4 



/‘•I 
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* ^^n°22°33 ^11^22^33 ^2'^23°31 * ^2^23^31 ’*' ‘^12®'23'^31 

- - ^2°2l‘^33 “ ^2^ 21*^33 ' ^13^22^31^ 

% 

^ =* ^^H°22‘^33 \2‘^23®31 ^ ^2^23'^31 ®13^2l‘^32 ’ \l°23*^32 

" ^2^2i'^33 ” °13^22'^31^ 

®0 “ ^‘a2‘^23^31 ‘^13‘^21®32 ’ ^12*^21*^33 " °13^22°31^ 

Dj^s^ + D^s^ + DgS^ + E^s + Dq 

^3^ ^ ^2®^ '*' ^*11° '*' ^0 ® *" ^09 

V o 2 

Dj^s + D^s*^ + DgS + Dj^s + Dq 



LW 

LH 



” ^1*^23*^32 



■ \2*^21®33 



s 



(BLLO) 



I 



rv i- 









Tj • r 



^ • 






. : 



' r 



J_ o. • 

iT 0 I I i 



'- L4 



V V 






^ V 



cf* 



■ 



f 



-•o 



j 






■' r" “T 

S % ® iJ ‘ i A ^ < • 






. ‘ • 



\..i 



f 



I 
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Solution of the Laplace Transforms 



Lh 






3 ^ g2 

h \ \ 



s -f 



5l s5 + ^ 3>t i. ^ 

IV h % \ 



D, 



(Em) 



Let a 



. 5a a = 



K 



11 



5o 



- 5s. 



•4.. = D,. \=D^ 



hi s® h^ * t:r“ h^ » ' ^ u_ = 

^ \ 3 \ ^ \ ID] 



h, = h. = 0 



(EL12) 



Ihen, 



I- 



H 



aj^ s + a^ s + Sg s + a^ s + 

X _^x fx _x 3^ 

<5 4 3 2 

+ b|^s. + h^s + hgS + b^s + b^ 



LH 



p p-l 

a 3*^ + a , S'^ + . . . 

P P-1 

+ b , + . . . 

q*l 



-l[l} 



L M“ (s-s^)(s-S2)(s^2Hs-Sj^)(s-s^) 



Since b^ = 0 
o 



6i - 0 



(ELLU) 



I 



. If 



•j» j 









It 

jL 









t 



i n 



^ •» 



I « 



; • • 






• ^ 



^ f 









C'* X 



\ v. l/l 

* 



. , • • V , 

. — — k : i ^- L. ^iyj 



i-.t 









fj <•- pf 



f* i^a*lS 
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Blqiaadratlc Solution 
Transform 



li 5 2 

s + + bjS + bgS + 



to (s 4- |(s + + Ag 



(B115) 



or 



(s 4- a f H- p? I |(s ^ 



(s 4- Bj^)^ + aJ = + 2 Bj^s + (A^ + ^) 



(Ell6) 



s^ + (bj^ - 2^)s + [b^ - (A^ + B^) - 2 ^(b|^ - 2Bj^)] 



+ 2 ]]^s + (A^ + B^) s + bjj^ s^ + b^ + bgS + b^^ 



U 2 s3 ^ (Af 4 s^ 

(b^ - 2 Bj^)s^ + jbj. - (Af + Bf )J + bgS + 



2 Bg » (b^ - 2Ej_) 



(b|^ - 2 Bj^)s^ + 21^ (b^^ - 2B^)s^ + (bj^ - 2Bj^^)(Af + sf ) s 
^b^ -(Af + ^)-2B^(bj^-2B^)j G^ +jb2 -(b^-2Bj^)(Af+]^)js + b^ 

[l>3-(A|+I^)-aE^(l,^-2B^)]s^-^[2^[b3-(A^+I^)-2B^(\-2B^) 

*[.3-..][^*l^] 



(Af + sf) - bj - (Af + Bf ) - 2 ]E^(b|^-2i:^) 

b3-(A|*^)-2E^(l,^-2V-B| 



2 . ^2, 



(B117) 



•/» 






r ‘ . 



t . t> 






> "< 



-.1 



I • 



..| Y" ■> 



. • L' 



( '-U) 



fV- • *-■** • -'• J* 



\{ -O , •) I V - -'V • V; - Jfj •* ••' (*• ' ; > 






T ‘ • ;• 



.•« 



» '. /.S /■) 



4.0 - *.. /■ -L - •A) • 

a I ' ' 



) 



4 ,«C .» 

••a# 



« (V - jO ^ *n.e • .TT)fas --f JX 

^ 4 . ^ . ■ ^ • _ ■ ^ 



i''|" • p.''-< ,‘>i«s-'V ' 't^V 



K 



-J 1 ^ 






(>- 5 *^ -f*- !r- 



S ‘ P) - \ 



V 






ft 
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The reraalnder must equal cero. 
l^ierefore. 




+ jf)J -[t>3 -(A^ - -2B^ 



=®L 



0 



\ / 0 






must be pos, to get e 



Bg must be pos. too so (b|^ 



or 




So 





bg-b^i^A^ + 2A^ - b|^B^ +21^- Eb^Ej^ + 2B^ + 4b|^:E^ - 8 



’'2 - ^ \ - 2 bjB^ 



2 _ ..,,3 



(BU9) 



b, - [bj - (A^ * - 2B^ (b^ - 2B^) 






’>1 - t >3 - ^ * 4 b ? 






(BL20) 

h-'=34*4 -^4 " - ”3^ + zb^i^ = 0 



(bii8) 

•2Bj^)>0 

= 0 



- 41^ « 0 






^ r» T 

-jtu - r 



. I S-1 -H-. iV V 



/-I't j; 









U^ ..■'X ■• I -MT ^ * 






.> ; -w c< 

i ' 






JX,/.. .rVjT , ,i:...C^ 

A i ^ 



(<LU») 



'. . ,rr, J ‘j - ^ ,4i /». .1 % • y,^ - y 



4 . r 



‘ ■■ 1/ =*!r 




/ 



y • t-'^ - '■*'!- 



O • 



i!** Vi r?'"' •’-"■i"]'.-' 



> . jin' - ^ • ‘-^f J • VjJ • / *^.,.1>- • .*V ♦ p. V. -) • (• 



o . 'a.t t ^•;- ♦ r'*-^- > ^ V •' >* 



(ttue) 
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Ercci (BLL 9 ), aJ "■ ^s\ 



,Z. -^2-^A * * ^3®l 

\ (S^---i,p 



{ifote that jj— or oo) 









(16B^ - Qb^Bj^tbJ) 



+3b2l>^^ 49bg^-lZb^I^-eb3l>4 ^ 









^ ^3*^ ■^2’’3^ •^3”4^ 






\ + A^(-T>2-21^ + 2bj^^) + A^-hgiE^ -3^ + 2b|^B^ = 0 

h^(l6]^-8b2^Bj^tbJ) + (4Bj^-hj^)(-b2-3bi^l^H4]2^ +2b,jBj^)(-b2-2I^+2bj^Bj^) 

+ (-^3^ - 2b|^l^)(l6l^-8b2^Bj^tb|) 

tbg-tSbjB^ + l6^+4b|l^ + 6bgb|^^*eb2]^-4b2b3l^+l6b3^-24bi^l^ 

-12 b3bjB^ « 0 



,V- 



. • « < 



. c.^ V,. ^ . J 






' / 



• 4^ -#.,u> 



< I ^ 



f /I in 

Z V * ^ A V* 



•;»* •' « ^ 

-i ii* 



> ^ 



■>#«' 






f w ' 



2"- 



« 



C • 

/ f 









■'K- ■ !/.■•* ■ / 

(^j^&'*N>-,i’.)!^t>t ^><‘'5»i» -^u^iljf-M) • <i" f ,*■/**'•> ,r* 
1*^ f^M.\^tj<MJ». - - y-.f-) ■ 

h • ti * 
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16 + (4Bj^-bj^)(-*2b2+ 3b2b|^B^ - 4b2B^ - Zb^Bj^ + 2b^B^2 

f 6 bi^^ - 8^ - 4 b^B^ 

-abgb^B^ - 6b + 8bj^Bj^ + 4b2bj^B^) - l6b^lf + Sb^bj^B^ - 

-*■ 24 - 3b| 4 

+ 32 - 16 bj ^ + 2b^ + b| + 9bJ ^ + 16B^ + 4b^^ + ^b^b^lS^ 



-8 bgB^ - 4bgb2B^ + 16 b^I^ 

- 24 b^^i^ - 12 '"sH ^ ° 

16 b,sf - Sbj^bjjBj^ + bj^bJ + 4 bjbjl^ + 13bjbj^Ii^ - l6bj^ - 8b| ]^ + ®*’2®l 
+ 2*a>jjl5 - 32 if - 16 b,^ 

-8 bjb^^ - 44 bj4 f Sib^iJ + ieb^\^ . bjbjb^ - SbjbJ^ + 4b3b^s3 

* 2b| b,^B^ - Zb^bj^!^ - 6b| 4 

h 8 b^lj + '“’s^Bi + ^2»k^ + 6b^ ^ - 3b| JtbjbJ ^ - 1&J^ 

* 8 - bjb" ^ 



J 

i a 



V 






• U 



it 



’ r'r - 



i *• 



o.«i 



A ^ 



A. 

• I 






'. * 01 . ,^ ' 0 
i. 1 • 



>, «f, •■ •• T— •* * / 






0 4 t . « 



t . *i 



• t 



J ^ 



il 



• • .(. ' ^. • ,* • ■►'i - 

* • * ^ 






K . 



- X‘Oi . .-s r»''/ ^ ‘ A'\ 



4; d 

. IL 



/ • • Vt'. ^ 



'*■' » . 

r »! ',; 



•Av#. • i*,v i^:',,>' ' ■ F-;*® 



f" 



4 

k ^ ^ 



• > 'jJ • /V,-! '- 



> Jv - >/£* • 
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. + 21*^^ - 3bJ^ + 32 - l6bj ^ + Zb^ + ^2 ■*■ ^4^ 

. 4b"^^ . 6b3b^I^ 

- 8 bgl^ - 4 bgb^ ^ + 16 b^:^ - 24 b^^ - 12 b^bj^ » 0 

lE^ (-32 - 48 + 16) + (+ 24 bj^ + 32 bj^+ 8 bj^ + 24b^ + 32bj^ -24 bj^) 

+ :^ (-16 b^ -leb^ -6b^ -6bJ -leb^ -3bJ -l6bj + 9o\ + l6b3 - 24bJ) 

+ (+12 b^bi^ + 8bg + l6b3bj^ + 4b3bj^ + 4b3b|^ + 6bJ + Sb^bj^ -Sbg -ISb^b^ + 2bJ) 

+ ^ (+I6b^ - Sb^ -Sbgbj, -3b3bJ -Ebgb^ -4b3b^ - b3bj^ ^ ^ 

+ (-8b^b,^ + 4bgb3 + 2b3 b^ + Zbgbj^ 

+ (Hb^bJ - b2b3b^ 

^ (-64) + B^(96 b^) + ^ (-48 bj -3Hb3) + (+32 b3bj^ + 8bJ) 

(+16 b^ - 4 b| -4bgb^ (■^l'’4 + 2b| \ + Sbgb^) 

+ (b^bj - b2b3bi^ + b^ ) » 0 















< I I 

4 * • 



•t 

• I 

• r 



\ ^ sr- ‘ « 



iV • 



4 *? «:*/»* * < t 






i' / . 






-• • V 



1 ^ 






• '- «T^ j '‘H& • *^** 

y • ^ ^ > r w. , 
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- r- ^ 

,- jf 



Ixlf 



. A - 






^ ^"4 ‘ ^ * • c*."’* ^ • 






^V"’ V ■ ‘a ( • ^)jS ■ («i'>-) ^ 






'O ;:* 



0 I J fo y ^r> 



-336- 



Since 0 <1 and 

let * c where 0 <_c <1 ^ and/or ^ ^ (BI21) 



1 ^ ^ c\l = c^b^ ^ 



c^ (-64b^) + <P (^96 b^) + c^ 



1>4 (-W -azbj) 



+ C*’ 



(+3Zb2b,, +8b^) 



^ c 



b^ (+16 bj^ -4b| -ib^b^ -Sbjb^jj + c b|j(-Sbj^b^ + Zb|bj^ + Zbjb^) 



^ <V" - + b|) . 0 



Tiy varloxis values of c within both sets of liraits indicated. 
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Then 
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Partlal Fraction Fora 

It has heen assmed that the dencaninator of equation (BLI 3 ) has the 
follovriLng form; 
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2 «2 
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(s + 






A solution of the roots of the denominator has been solved accordingly. 
See equations (HLL4), (EL24), (HL^), (BL26)> and (EL27). 

Therefore, f3r<xa equation (HLI 3 ), we must go to partial fractions. 
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+ 2 a^s + (q^ + 3 ^) 
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4 3 2 
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Frasi equation (EL32) 
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It Is noted that this is the same as eqtiatlon (HL13) except the 
constant coelTicients etc. ) of the numerator have different 

values. The solution for z Is the same as for x except for that change- 
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It is noted that this is the saae as eqwtions (HLI3) and (BL55) 
except for the constants in the mraerator. ©lerefOre the solution is as 
f oUovs ; 
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How there is a c<3ti^ete description of the motion during the sliding 
phase. 

It is noted that x^, x^t Z2^ ^2^ ^2 ^2 ^cd as initial 

conditions for the LaPlace equations for sliding. This is in addition to 
their tise in linearizing. 






I i 






h 



> ♦ ,> ii-, '-V 



U*> . ,i Ot . •'! • 







. iCC 



lu r ) 



.V^ ‘ 

w 



^ <. i x« r'< 












(*,e ^ a«. Oa'*'^ V 



^tf>li» AJ )ff;xu': i'-*^ ^ ,>- f>q • *>r»rf'. «e* 



^C*M* ^ -ri* ^ y4 J* J#. .^K. '••-i &l tf 

iiS* .jfuLiij.^ \«2 SiBoriw-*,'* 1%../ 'fo^ 



u# ^ tJ 9l 



> 358 - 



However, Xg, Zg end arc xxsed only for linearization (and not for 
initial conditions). It is not appropriate to use tl» State 2 conditions 
of accelerations for initial conditions for sliding. For that reason it 
is considered, for use in the sliding equations, to consider 

Xg « - 1.0 (bl8o) 
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Vertlcal Force on Bov IXirinp: Sliding; 

It is ir^jortant to note that the dovnward force, laoy he oolvecl 

for each tine t during the sliding phase, (ihis value shoxild not exceed 
% 

^^KZC^2 would irj5>ly local crushing shoxiid have started again. ) 



®ie value of may he determined from equation (B92). 
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Tennlnatlon of Sliding Phase, State 3 

If the equations of velocity (EL50), (EL61*-), and (HL73) combined, 
the velocity of a point on the bow in contact with the ice may be deter- 
mined. When tills velocity becomss zero the sliding phase has terminated, 
State 3* Using this time, t^> ^y and 0^ ^ deterfliined from 

(BL49), (EL63) and (BL77) and this will give us the location on the ship 
of the point of ice svqtport. Using -Uils point the .static equilibrium 
problea may be solved (presxaaing slipping does not start ixanediate]^) 
and the downt^ard force under the bow my be determined. 

Proa Figure B-XIX it may be seen that the veloclly of point A on the 
bow may be e:qoressed in terms of the z-ccenponent 
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and the x-coD 5 >onent 
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dt 




(BL82) 



Since these two ccm^ionents exe related as abixm in Figure 3-XIX, the 
value of one may be xised to determine the value of the other. However, 
when v^^ « 0 then = 0. For that reason either equation (EL8 i) or 
(niSs) may be used to find the time, t^, for =» 0. 

Equation (EL62) for the velocity cccponent of A in the x-direction 
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Prom equaisCOTi (b 86 ) 
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The values to be used come from equations (HL50), (HL78), and (EL 63 ) 
respectively. For each substitution of t into these equations and th«i the 
substitution of these values into equation, e velocity results. When 
"becomes zero the eliding phase has terminated and State 3 has been 
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ngure B-XXVI 

Illustration of Position at State 3 
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From equation (B88), 
From equation (b86) 
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StQte 4 

It seeas quite probable that i«hen there is no velocity of the how 
relative to the ice that all velocities will he zero, or negligihle. 
However, the static equilihrim prohlem should he solved regardless 
hared on support of the how at point for time t^- 

It should also he noted that the friction force due to sliding 
has now disappeared. 
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Based on Figure B-XXVII Kevton's eqviations J 3 ay be applied for 
static equilibrixm. 



It is to be noted that irlll be of greater rnagnitude if the 
boLlard thrust is eliminated (stopping the screirs) as long as static 
equilibrim can be maintained by static friction at the bow. 

It may be seen in Figure B-XXVIII that the change in draft at the 
center of gravity from State 3 to State 4 is eqvscl to 
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ngure B-Xmi 



Free Body Diagram for Static Eqtillibrim, 
State h 
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Figure B-XXVIII 

Illustration of Moment Arms (GAj^)^ and (GAi^)^ 
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h = z + (LCG - LCP) 0 

hj^ = z^ (LCG - LCF) 0^ 

R-om equation (EL86) 

z^ + {UXi - LCF) 0^ + (GA^)^ (0^^ - 

2! 1-1 = 0 

^BZ4 * ^'ik4 ^WK " ^BOL 

- (A + T^i^) 0^ - 0 



(EL87) 
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= 0 (B188) 

It may be seen that three unknofwns (©|^, and Fg 2 ;i,.^ appear in 

the three equations (HL84), (EL 85 ), and (B188). 

As mentioned before, the raasdmum static vertical force can be 
attained •v/hen the boUai^ thrust is eJAndnated. (Under this condition i1 
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is assvnaed that static friction at the bow is sufficient to maintain 
equHibrluia or at least the acceleration sliding bade down the ice is 
negligible. ) 

% 

Set *^bOL " ^ ^ stopping thrvist. 

®^en = 0 

Equations (HL85) snd (HL88) laay no>; be written ae fo^JLows; 
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Tj. j^(LCa - IXJP) + (GA^)^ 
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Set = (LOG - LCP) + (GA3)^ 
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Substitute equation (EL95) into equation (HL90)and solve for 
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GH^ (LOG - LCF) 
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F. 



V - te,.c 






BZ4. 



2 a, 



2 

It is presiimed the values are real and unequal (i.e. O) 

and that the larger of these values Is the significant one. Therefore the 
static force xmder the bow is 



•BZ4 






2 a. 






(a95) 



Olie final trim may be obtained from equation (HL93)> 
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bz4 



- !i 



'>1 






The change of position In the x-directlon, on settling, is ne^lgible. 
The final value for z may be obtained frcn equation (EL86), 
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Extractlng Thrust 

, Once the Icebreaker has cooqxletely ce^ed raoving (State 4) it 

I 

frequently becomes stuck in that position due to static fWLction Ydilch 
can be slgnlfieontly greater than kinetic friction. 

I 

^ It is possible, indeed pi^bable, that an icebreaker designed to attain 

I a high downward sustained force may also, xmfortunately, require a very 

I large backing thrust to remove itself. For that reason it is Inq^ortant 

[ to know what backing thrust will be required to back down. This wlU be 

called ”extractlng thjnist", 

I It is necessary to create enou^ extracting thrust to overcome the 
friction between the bow plating ond the ice. Uie direction of this 

II friction force is parallel to the stem since -ttiat is the direction of 

I 

\ intending motitni at the bow. 

!| 

, The values of and 0^^ ore known and valid for 

this condition since changing them would Is^y the icebreaker is not held 
by static friction. 

Refer to Figure B-XXIX. The foiec normal to the bow plating on each 
side is H/2. The friction force is then f^ N/2. 

As may be seen in Figure B-XXX the force normal to the stem, in the 
centerline plane, may be expressed as 

' N cos 0 

where P « angle between normal to plating and centerline 3 plan 6 . 

These forces may be resolved into a vertical cocponent and a hori- 
zontal conp<xieiJt respectively. See Figure B-XXX. 
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Flgure B-XXIX 

Forces on Bow When Backing is Impending 




a 



Figure B-XXX 

Con^nent Bov Forces When Backing is Impending 
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- (K cos p) cos (Ig + Oj^) + f^N sin (i^ + ©j^) 



Fysrrr, = N 

BZE ^ 



(cos P) cos (ig + 0j^) + fg sin (l^g + © 2 ^) 



^BXE “ ’ * ^s^ ® 4 ' 



BXE 



n 



(cos p) sin (ig + © 2 ^) + fg cos (i^ + © 2 ^ 



Summing forces in the z-directlon, (See Figure B-XXXl) 
A - (a + sin ©2j^ - ^b25E “ ® 

As ney be realized frota equation (EL89)> 

A - (A + 

therefore, 

■*■ ^BZ4 ®t " ^'BZE ” ® 



?bze ■ *'bzU * h =‘” ®4 

Summing forces in the x -direction^ 
^BXE ‘ h ®2». “ ® 



(EL96) 



(HL97) 



(EL98) 



(BL99) 
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Figure B-XXXI 

Free Body Qiagrara for Extraction 
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Let a (cos P) cos (i^ + 9 ^) + sin (i^ + ®l) 






and » - (cos p) sin (i^ + 0^^) + cos (i^ + 0|^) 
Then eijuation (HL 98 becooes 

V* ° '■jffli* * ®i> 






(B200) 

(B201) 



Equatl<m (HL99) becoi&es 



b^ a cos 



cos 9) 



S a E 



t K 



Equating these equations 
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» -g (B202) 

C 08 ©2^ - sin ©1^) 

It is noted limt all values needed to solve E. from 

t 

equation (B202) are knorwn. 

There is a smll laoment created 'which vlU help free the Icebreaker. 
So negLecting this is on the safe side. Purtheimore, if the line of 
action of the thrust passes throu^ the point of contact, this moment 
vanishes. 
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Cooputer Program 

Eaturally the solution of all the preceding equations would be 
quite tedious and there would be a hi^ probability of error. This is 
compounded by th^‘ ftact that there are three iterative solutions Involved. 
Purthermore, one solxrtion by itself would be of little value; cosaoparisons 
are needed. 

For the reasons mentioned the solution has been progranraed in 

1 * 

Fortiaa and carried out on an I.B.M. ccnqjuter. 

The following is a listing of the Irqput data which must be supplied: 
BP Length between perpendiculars, ft. 

B Beam at waterline, ft. 

H Mean draft, ft. 

BIS Blsplacement, lb. 

Bk Bow an^e (from base line to st^), radians 
SA "Spread angle compleaent (noimal to bow plating with respect to 
centerline plane), radians 
VI Ingpact velocity, ffc./sec. 

AL oc, Waterplane coefficient, dimensionless. 

CF LCP, Lcmgitudlncl jKJSltion of the center of flotation (-if aft of 
amidships, + if fd), it. 

CO LOO, Longitudinal position of the center of gravity (-if aft of 
amidships, + if frd), ft. 

QK KO, Jfeigjht of center of gravity above base line, ft. 



* This woiic was done in part at the Computation Center at M.I.T, , 
Ceatibridg^, ^Sgtssachusetts. 
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D Hel^t of thrust line above base line near center of gravity , ft. 

TB Bollard thrust vhich wotiLd be attained for rpa tised dtcrliag cjrushlng 
and sliding; lbs. 

(31 Longitudinal netacentric hel^t, ft. 

EK Ice/ ship kinetic friction coeff . , dimensionless. 

FS Ice/ship static friction coefficient, dinensiocless. 

p 

S/G (kw^ressive failure stress of ice, Ib/ft 
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M4045-356-4 , FMS ,TEST , 5 » 5 ^ 5000» 0 DYNAMIC ICEBREAKING R.M. WHITE 
XEO 

DYNAMIC ICEBREAKING R. M. WHITE 
36 !?EAD 5»BP,B»H»DIS,BA»SA»Vi ,al»CF,CG»GK»D»TB*GM»FK»FS,SIG 
5 FORMAT (4F16.3/4Fl5.3/4Fi5.3/4F15.3/Fl5.3) 

PRINT 41» BP »B »H I S ,BA,Sa ,V l * AL »CF ,rG,GK»D *T3 »GM ,FK»FS»SIG 
41 FORMAT (6H BP=»F15.3»5H B=*F15.3,5H H=,F15.3»7H DIS=»F15.3 

1/6H BA=,F15.3»6H SA=»F15.3,6H V1=»F15.3»6H AL=*F15.3/ 



26H CF=,F15.3»6H CG=,Fl5 

3= ,F15.3 »6H GM=»F15.3 >6H 

4F15.3//) 

XM = ( 3 .36E-2 ) *DI S 
ZM = ( 5 .78E-2 ) *DI 1 

RG = 0.22*BP 

THM = ( 5 .OE-2 ) * (RG*<^2 ) *D IS 
DP = 

DH = 

TF = 

SIBA 
COBA 
TABA 
SISA 
COSA 



3»6H GK=,F15. 

FK=,F15.3»6H 



3.5H D=,F15 

FS= ♦F15.3/7H 



3/5ri 
SIG = 

(B66) 

(b67) 

(Bfl) 

(368) 

(369) 

(B70) 



TB 



( 1 .76E-2 ) *DIS*BP**1 .5 
(5.29E-1 ) ^<-DIS/BP*^^0.5 
( 64.2 ) -«-BP^fB*AL 
= SINF(BA) 

= COSF(BA) 

= SIBA/COBA 
= SINF(SA) 

= COSF(SA) 

PI = (SIG*TABA/SISA)*(SIBA*(C0SA+FK*SISA)+FK*C0BA) 

P2 = (SIG^TABA/SISA)*(C0BA*(C0SA + FK*SISA)-F:<*SIBA) 

P3 = P2*(BP/2.-CG)+P1*(H-GK) 

A1 = THM 
B1 = DP 
Cl = DIS*GM 
D1 = V1*^^2*P3 
ALl = -B1/(2.*A1) 

DISCI = 4.v'Cl/Al-(Bl**2)/(Al**2) 

IF (DISCI) 11,2.2 
BEl = 0.5*SQRTF (DISCI) 

AAl = ( 2.*D1/C1^^^^2)^^(A1-B1**2/C1 ) 

AA2 = ( 2.*Dl/( (Cl^'^*2 ) *BE1 ) )*( B1-AL1*( A1-(B1 ^^*2 ) /Cl ) ) 

A2 = ZM 
B2 = DH 
C2 = TF 

D2 = -P2*V1**2 
AL2 = -B2/(2.^A2) 

DISC2 = 4,*C2/A2-(B2**2) /(A2**2) 

IF (DISC2) 12,3,3 
' BE2 = 0.5*SQRTF(DISC2) 

BBl = ( 2.^<-D2/C2**2)*(A2-B2**2/C2 ) 

BB2 = ( 2 .*D2/ ( (C2*’'^2 ) *BE2 ) )* ( B2-AL2^ ( A2- ( B2**2 ) /C2 ) ) 

PRINT 4, XM,ZM,RG,THM,DP,DH,TF,P1,P2,A1,B1,C1,P3,D1,AL1,BE1,AA1, 
1AA2 ,A2,B2 ,C2 ,D2 ,AL2 ,BE2,BB1 ,BB2 

► FORMAT (4E12.4/5E12.4/5E12.4/4E12.4/4E12.4/4E12.4//) 

T = -0.05 
. T = T+0.05 

EALIT = EXPF ( ALl->' r ) 

COBIT = C0SF(BE1*T) 

SIBIT = SINF(BE1^«-T) 

TH = EAL1T*(AA1<^C0B1T+AA2*SIB1T)+D1*(T**2) / C1-2.*B1^<-D1*T/ (C1**2 ) 

(B58) 



(B33) 

(B39) 

(^1) 



(356) 






(b46) 



(b6i) 
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1-AAl 

THD = AL1*EAL1T^^( AA1*C0B1T + AA2^SIB1V) +EAL1T^M -AA1^<-BE1*SIB1T + AA2 (E55) 
1*RE1*C0B1 T ) +2.*D1^^T/C1-2 .*B1*D1/C1**2 
THDD = (ALl**2-BEl**2)’^EALlT*(AAl*COBlT+AA2-«-SIBlT)+2.*ALl*BEl* (B59) 



1EAL1T*( -AA1*SI81T+AA2*C0B1T )+2,*Dl/Cl 
EAL2T = EXPF(AL2*T) 

COR2T = COSF(BE2-*^T ) ' 

SIB2T = SINF(SE2*T) 

Z =EAL2T* ( BB1*COS2T+BB2-»-SiB2T )+D2*(T**2)/C2-2.^«-B2*D2*T / { C2**2 ) -BB1(b62) 
ZD = AL2-“-EAL2T*(BB1^K0B2T + BB2*SIB2T)+EAL2T*(-BB1*BE2*SIB2T+BB2 (b63) 

l*BE2*COB2T )+2.*D2*-T/C2-2.^^B2*D2/C2**2 
ZDD = (AL2*%2-BE2*^2)*EAL2T*(BB1*C0B2T + BB2*SIB2T)+2.^^AL2^BE2* (B64) 



1EAL2T*( -BB1*SI B2T + BB2^<-C032T ) + 2.*D2/C2 
X = VI* ( T-Pl^^T*^<-3/ ( IZ.^^XM) ) 

XD = SQRTF( Vl**2-2.*Pl*X**3/( 3.*XM) ) 

XDD = -P1*X**2/XM 
FXC = P1*X**2 
FZC = P2*X**2 

GAX = (BP/2.-CG)-( (H-GK)+(BP/2.-CG)/TABA)*TH+Z/TABA 

GAZ = H-GK+Z 

TAGA = ( GAX*THD-ZD ) / ( XD-GAZ*THD) 

DIF = SINF(BA+TH)/C0SF(RA+TH)-TAGA 

print 6 *T , th» thd >thdd »z ,zd ,zdd »x ,xd *xdd»fxc »fzc »taga *gax »gaz »OI f 
6 format (Fll.5/3Fn.5/3Fll.5/3Fll.5/2E12.5/4F11.5//) 

IF (XD) 38»38»37 

38 DRINT 39, FZC 
GO TO 36 

39 format (A4H SHIP STOPPED DURING CRUSHING PHASE, FZC2 = , E 1 2 . 5/ / ) 
37 IF (DIF) 14,14,7 



(B4i) 

(B).0) 

(B39) 

(2kr[) 

hk8) 

(B20) 

(Bl6) 

(b65) 



7 TL = T 
THL = TH 
THDL = THD 
THDDL = THDD 
ZL = Z 
ZDL = ZD 
ZDDL = ZDD 
XL = X 
XDL = XD 
XDDL = XDD 
FXCL = FXC 
FZCL = FZC 
TAGAL = TAGA 
GAXL = GAX 
GAZL = GAZ 
DIFL = DIF 
GO TO 1 

]4 tERP = DIFL/ ( DIFL-DIF) 

T2 = TL+TERP*( T-TL) 

TH2 = THL+TERP*(TH-THL) 

THD2 = THDL+TERP* ( THD-THDL ) 
THDD2 = THDDL+TERP* ( THDD-THDDL ) 
Z2 = ZL+TERP*( Z-ZL) 

ZD2 = ZDL+TERP*(ZD-ZDL) 

ZDD2 = ZDDL+TERP* ( ZDD-ZDDL ) 

X2 = XL+TERP* ( X-XL ) 






i 



10 

i 

i 
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J 



XD2 = XDL + TERP-«- ( XD-XDL ) 

XDD2 = XDDL + TERP-M- ( XDD-XDDL ) 

FXC2 = FXCL + TFRP-»M FXC-FXCL) 

F2C2 = FZCL+TERP* ( FZC-FZCL) 

TAGA2 = TAGAL+TERP* ( TAGA-TAGAL ) 

GAX2 = GAXL+TERP* ( GAX-GAXL) 

GAZ2 = GAZL + TERP^MGAZ-GAZL) 

DIF2 = DIFL+TERP*(DIF-DIFL) 

10 PRINT 15» T2 » Th2 » THD2 »ThDD2 *Z2 » ZD2 *ZD02 »X2 * XD2 »XDD2 . FXC2 »FZC2 , 

1 TAG A 2 ,GAX2 .GAZ2 *0IF2 

15 FORMAT (6H T2 = »FH.5/7H TH2 = . F 1 1 . 5 » 8H THD2=,FH.5, 

19H THDD2=fFl 1 .5/6H Z2=,F11.5,7H Z02= , FI 1 . 5 , 8H ZD02=,F11.5/ 

26H X2=*F11.5,7H XD2= » FI 1 , 5 , 8H XDD2 = » F 1 1 , 5 /8H FXC2 = *E12.5» 

38H FZC2= »E12 .5/9H T AGA2 = . F 1 1 . 5 , GH GAX2= » F 1 1 . 5 . 8H GAZ2=, 

AF11.5»8H DIF2=*F11,5// ) 

GO TO 16 

11 PRINT 13, DISCI 
13 FORMAT (E12.4) 

GO TO 36 

12 PRINT 13,DISC2 
GO TO 36 

ICEBREAKER SLIDING PHASE SOLUTION R, M, WHITE 

16 AS = COSA*SIBA+FK^^COBA 
BS = COSA^^COBA-FK^SIBA 
XDD2 = -1.0 
ZDD2 = 0.0 
THDD2 = 0.0 
P4 = GAX2+X2 
P5 = 1 . + ( AS/BS ) •*‘^*•2 
HGK = H-GK 
CGCF = CG-CF 
GKD = GK-D 
All = -XM 

Bll = - ( TB/Vl ) * ( 1 ,+AS*Th2/BS+P5^«-Th2*<<-2 ) 

Cll = '".O 

A12 = ZM*( AS/3S+P5*TH2 ) 

B12 = DH^ ( AS/8S+F )*TH2 ) 

C12 = TF^( AS/BS+P5*TH2 ) 

A13 = 0.0 
B13 = 0.0 

C13 = TB*( AS/BS-AS*XD2/(BS*V1 )+2.^*-P5*TH2-2.*P5*XD2^Th2/V1) 

1+TF* ( AS^CGCF/SS+P5*Z2+2. *P5*CGCF*TH2 ) +P 5*DH*ZD2+P5*ZM*ZDD2 
D1 = -TB^-( 1 ,+AS'>^XD2^"TH2/ (BS^Vl ) -P 5 -Th 2^' -2 + 2 . •*^P5-k-X D 2*TH2 / VI 
1 + TF^i- ( P5-^Z2*TH2 + P5^‘-CGCF^i'TH2**2 ) +P5-»>^DH*ZD2^TK2 + P5-ZM*ZDD2*TH2 
A21 = 0.0 

B2 1 = TB* ( P4*TH2/V1-TH2*X2/V1+AS^!-HGK^«-TH2/ ( BS^i-Vl ) +P 5*HGK*TH2**2 / V ; 

1 + AS*TH2*Z2/(BS*V1) + P 5*Z2^-T H2**2 / VI -Gk D/ VI ) 

C21 = TB-«-( TH2-XD2-«-TH2/V1 ) + TF^<-( Z2 + CGCF*TH2 )+DH^<-Z02 + ZM-«-ZDD2 
A22 = ZM^M -P4+X2-AS + HGK/BS-P5*HGK*TH2-AS^^Z2/3S-P5^^TH2*Z2 ) ("(BIOO) 
B22 = DH*(-P4 + X2-AS^i-HGK/BS-P5*HGK*TH2-AS*Z2/BS-P5*TH2*Z2 ) 

C2 2 = TF*( X2-AS*HGK/BS-P5*HGK*TH2-P4-2.*AS*Z2/BS-AS*CGCF*TH2/BS' 

1-2 .-«-P5*Z2*TH2-P5*CGCF-k-TH 2-<<-2-GM*TH2 ) +TB* ( -AS’'i-TH2/BS+AS + XD2*TH2/ 

2 ( BS-^Vl ) -P5*TH2**2 + P5-»-XD2*TH2 -k-*2/V1 ) vDH* ( -AS*ZD2 /BS-P5*ZD2*Th2 ) 
3+ZM* ( -aS*ZDD2/8S-P5*ZDD2*Th2 ) 

A23 = -THM 



(B30) 

(E8l) 

(bi8o) 

fE8' 

[b9 







{ 
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R73 = -DP 

C? 3 = T3* ( - P4+P4^^XD2 / V1+X2-XD2*X2/V1-AS*HG1^ / 3S + AS^-HGK*XD2/ ( SS^^Vi ) 

1- 2.^P3^HGK'«-Th2 + 2.-;^P5*HGK*XD2*TH2/V1-aS*Z2/S3 + AS'»-XD2'«-Z2/(3S*V1) 

2- 2.*P5*Z2^'-TH2 + 2.*P5*XD2*TH2-^Z2/V1)+TF*( -P4*CGCF+CGCF*X2-AS*CGCF^i- 
3HGK/3S-P3*HGK^Z2-2 .^^P5-«-CGCF*HGK*TH2-AS*CGCF*Z2/BS-P5*Z2*-^2-2.*P5 
4*CGCF-«-TH2*Z2-GM*Z2-2 .-GV-CGCF-“-TH2 ) +DH’^ ( -P5*HGK*ZD2-P5'^ZD2«-Z2 ) +Z.M* 

5 (-P5*HGK-k-ZD02-P5«-ZDD2*Z2 )-DIS*GM 

D2 = TB*(P4^i-XD2*TH2/Vl+TH2->X2-2.-^XD2*TH2^‘X2/Vl+AS*HGi<*XD2-^Th2/(BS* 

IVI ) - P5-^HGK^TH2**2 + 2 .*P5*H6K-*i-XD2*TH2*-K-2/Vl-AS*TH2^*-Z2/BS + 2 .*AS*XD2 
2 -k-TH 2*Z2/ (BS*V1 )-2 .*P5*TH2^'*--K-2*Z2 + 3.*P5*XD2*Z2-^TH2**2/Vi-GKD)+TF*( 

3Z2*X2 + CGCF*TH2*X2-P5*HGK*Z2^<•TH2-P5*CGCF*HGK*TH2**2-AS■^^Z2-^*2/BS-AS ((eLOO) 
4*CGCF*TH2'*^Z2V'3S-2.*P5^'^TH2-^Z2^*2-'2.'^'P5''‘’CGCF'*^Z2'’'^TH2*'^2“GM-^TH2^''Z2-G‘'''^1 
5CGCF-^Th 2**2 ) +DH* ( ZD2*X2-P5"'i'HGK-«-ZD2*TH2-AS^^ZD2*Z2/3S-2 .*P5*ZD2 *Th2*1 
6Z2 ) +ZM* ( ZDD2^X2-P5-x-HGK*ZDD2*TH2-AS*ZDD2*Z2 /3S-2 .^P5-^^ZDD2*TH2*Z2 ) 



P , 
1 . 
P , 
P, 
1 . 



/TABA-TH2/SIBA**2 



0.0 

0.0 



A31 
R31 
C31 
A32 
R32 
C32 
A33 
333 

C33 = -GAX2/TABA+GAX2*TH2/SIBA**2+GAZ2 
D3 = X2-GAX2^TH2/TABA+GAX2*TH2*->*-2/S IBA*-«-2+Z2/TABA- 
1+GAZ2*TH2 

PRINT l7*AS»BS,P4,P5.All»Bll,Cll.A12,Bl2,Cl2.A13,Bi3»C13»Dl, 
1A21»B21»C21»A22»B22»C22,A23»B23»C23*D2,A31»B31.C31»A32»B32»C32. 
2A33,B33»C33»D3 

17 FOR VIA T (4E14.6//3E14.6/3E14.6/3E14.6/E14.6//3E14.6/3E14.6/3E14.6/ 
1P14.6//3F]4.6/3F14.6/3E14.6/E1^.6//) 




-Z2*TH2/SIBA*-«-2 



Dll 

D12 

013 

D21 

D22 

D23 

033 

004 

003 



(B104) 






(B109) 



A11*XD2-^311^X2 + A12*ZD2 + B12*Z2 
A11^^X2 + A12*Z2 
01 

B21*X2+A22*Z02+B22^Z2+A23*THD2+323*Th2 
A22*Z2+A23*TH2 
02 
03 

A11*A22*C33 + A12*A23^«-C31-A1 1*A2R*C32 

A11-«-B2 2*C33 + B1 1*A2 2^;-C33 + A12*B2 3*C31 + B12*A23*C31-A1 1*B2 3*C32 
1-B11*A23*C32-A12*B21*C33 

002 = All^<-C2 2*C33 + Bll^fB2 2*c33 + A12*C23*C31 + B12*B2 3*C31+C12*A2 3*C31 
l-All^C23*C32-Bll*623*C32-A12^C21*C33-B12^<-B21*C33-C13*A22-«-C31 
001 = B11*C22*C3 3 + B12^^C2 3*C31+C12^B23*C31 + C13*B21*C32-311*C2 3*C32 
1-B12*C21*C3 3-C12’'^B21*C33-C13*B22*C31 
000 = C12*C23*C31 + C13^*-C2l*C32-C12*C21*C33-C13*C22*C31 y 

U13 = D12*A22^C33 + A12^^A23^D33-D12’>A23«-C32-A12*D22*C33 
U12 = D11*A22*C33 + D12*B22^^C33 + A12^<-823*033 + B12*A23*D33-D11*A23*C32 ) 

1- D12*B23*C32-A12*02 1^'<33-312^-022*C33 / 

Ull = D11^^B22*C33 i-D 1 2*C2 2*C 33 + 0 1 3*A2 2*C 3 3 + A 1 2 *C2 3*03 3 + B 1 2*B2 3*03 3 > (b 108) 
1+Cl 2*A23*033+C13*022*C32-D1 1*B23*C32-D12*C23*C32-D13*A23*C32 ( 

2- A12*A23*C33-B12*D21*C33-C12*D22*C33-C13*A22*D33 \ 

UlO = D11*C22*C33+D13*B22*C33+B12*C23*D33+C12*B23*D33+C13*D21*C32 \ 

l-Dll*C23*C32-D13*B23*C32-B12*D23*C33-C12*D21*C33-C13*B22*D33 1 

U09 = D13*C22*C33+C12*C23*D33+C13*D23*C32-D13*C23*C32-C12*D23*C33/ 
1-C13*C22*D33 



I 






' Iiit# # 






U23 = All’>D22*C33 + D12*A234tC31-All^^A23^D33 ] 

U22 = All*;321*C33 + Bll<'^D22'i^C33+Dll*A23^^C31 + Dl2*B23^^C31-All^'^B23-D33 j 

1-B11*A23*D33-D12*B21*C33 U3152) 

U21 = A11*D23*C33 + B11^*■D21*C33 + D11*B23*C31 + D12^^C23^C31+D13*A23^^C31 ( 

1-Al 1^C2 3*D3 3-311*32 3--D3 3-D1 l*B21*C3 3-D12*C21*C3 3-C13-^D2 2-»-C31 \ 

U20 = B11*D23^^C33 + D1 1*C23*C31+D13*323*C31 + C13*B21*D33-311^C23*D33 \ 
1-D11^C21^'<-C33-D13*3 21^!-C33-C13*D21*C31 I 

U19 = D13’'^C23^<•C31-^C1 3*C21«-D33-D13^^C21*C33-C13*D23*C31 J 

U33 = All^fA22^-n33 + A12*D22#C31-All*D22*C32-D12*A22*C31 
U32 = All*B22*D33 + Bll^A22^*-D33+A12*D2l*C31 + B12*D22*C31 + D12*321*C32 
1-Al 1*021 -C 32-31 1*D2 2^^C32-A1 2*B21*D3 3-Dll ^A2 2*C31-D1 2*B22«-C 31 
U31 = All*C2^*D3 3 + 311*B22*D3 3-fA:2*D2^*C31 + B12*D2l*C31 + C12*D22*C3l/(B53) 

1- t-Dl 1*B21*C3 2 + D12*C21*C32-A1 1*D2 3*C3 2-B11*D21*C3 2-A12*C21*D3 3 

2- 312*32 1*D33-D11*322*C31-D12*C22*C31-D13*A22*C31 
U30 = B 11 *C22 * 033+312* 02 3*C31 +C 12*021 *C 31+01 1*C 21 *C 32 +01 3*32 1*C32 

1-B11*D23*C32-312*C21*D33-C12*321*D33-011*C22*C31-D13*B22*C31 
U29 = C12*D23*C31+D13*C2l*C32-C12*C2l*D33-D13*C22*C31 
PRINT 13*011,012,013,021 ,022,023,033,004,003,002,001 ,DD0,U13,U12, 
1U11,U1C,U09,U23,U22,U21,U20,U19,U33,U32,U31,U30,U29 
WE 4 = 003/004 

WB3 = 002/004 . 

WB2 = DD1/DD4 ( (HL12) 

W31 = 000/004 



19 



W6 
W5 
W4 
W3 
W2 
W1 
WO 
C = 0 
CL = C 
TOIL = TOT 



—64 « * WB 4* *6 
96.*WB4**6 

( WB4*-*4 )* (-48 .*WB4^*2-32.*WB3 ) ((B122) 

(WB4**3 )* ( 32 .*WB3*WB4+8.*WB4^*3 ) ^ 

(WB4**2 )* ( 16,*WB1-4.*WB3**2-4.*WB2*WB4-8 .*WB3*WB4**2'7 
( WB4) * ( -8 ,*WBl*WB4+2 , * WB 3**2 *WB4+2 . *WE 2*WB4**2 ) 
WB1*V/B4**2-WB2*WB3*WB4+WB2**2 






20 



21 



22 



23 



24 



C = C+0. 001 

TOT = W6*C**6+W5*C**5+W4*C**4+W3*C**3+W2*C**2+W1*C+W0 
PRINT 13, C,TOT 
IF (TOT) 19,20,20 
C = CL-TOTL*0.001/(TOT-TOTL) 

PRINT 13, C 

AL3 = C*WB4 . • 

01 SC 3 = (-WB2-3.*WB4*(AL3**2)+4.*(AL3**3)+2.*WB3*AL3)/(4.*AL3-WB4 )(B125) 

IF (DISC3) 21,22,22 / 

PRINT 13, DISC3 
GO TO 36 

BE3 = SQRTF (DISC3) 

AL4 = ( 1 ,-2.*C ) *WB4/2 « 

DISC4 = WB3-(3E3**2 )-(AL3#*2)-4.*AL3*AL4-(AL4**2) 

IF (DISC4) 23,24,24 
PRINT 13, DISC4 
GO TO 36 

BE4 = SORTF (DISC4) 

G3 = AL3**2+BE3**2 
G4 = AL4**2+BE4**2 
PRINT 13, AL3,BE3 ,AL4,BE4,G3,G4 
A4X = U13/DD4 



J 



(B123) 



(EL21).) 



^ (KL25) 

(EL26) 
(EL27) 

(KL34) 

(mi) 











"1^ 





f 



t 
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A3X = J12/DD4 
A2X = Ull/DDA 
AIX = UlO/DDA 
AnX = UO«?/DDA 

PRINT 13» A4X , A3X ,A2X ,A] X, AOX 
CIX = A0X/(G3*GA) 

DIX = A4X-C1X 
D2X = A3X-C1X*W3A 
D3X = A2X-C1X-»W33 
D4X = A1X-C1X*W32 

C 6 X = ( 2.^ ( AL3-AL4 ) * (G4*D3X-DlX^i-G4'«'-"-2-2 .’•«-AL4^ 



(3111) 



(HL36) 

(El 37) 

(B138) 

( 2139 ) 

(B140) 

D4X ) + ( G3-G4 ) * (-G4*D2X 



1 + 2 .-«-AL4^^G4*Dl X + D4X ) ) / ( 2 . * ( AL3-AL4 ) * ( 2 . *AL3*G4-2 .*AL4+G3 ) + ( G3-G4) (EL4 i) 
2-»*2 ) 

C5X = ( D4X-G3-i^C6X ) /G4 (B142) 

C4X = (G4-^(D2X-2.*AL4*D1X)-D4X + C6X*(G3-G4) ) /(2.*G4^*-(AL3-AL4) ) (31^3) 

C3X = D1X-C4X {BLkh) 

P23X = BE3*C3X 

P13X = C5X-AL3^(-C3X ] 

P24X = 3E4*C4X ( (ELi{3) 

P14X = C6X-AL44^C4X 

PRINT 13» C1X,D1X,D2X,D3'<, D4X ,C 6 X ,C5X»C4X,C3X,P23X,P13X,P24X»P14X 
A4Z = U23/DD4 

A3Z = U22/DD4 (_ (KL54) 

A2Z = U21/0D4 

AIZ = U20/DD4 

AOZ = U19/DD4 

PRINT 13,A4Z,A3Z»A2Z»A1Z »AOZ 

CIZ = A0Z/(G3*G4) (HL56) 

DIZ = A4Z-C1Z 

D2Z = a3Z-C1Z*WB4 (BI 57 ) 

D3Z = A2Z-C1Z*WB3 

D4Z = A1Z-C1Z^^WB2 

C6Z = ( 2.* ( AL3-AL4 ) * ( G4*D3Z -D 1 Z*G4**2 "2 . *AL 4*D4Z ) + ( G3-G4 ) ^( -G4-+D2Z 
1+2 .*AL4^G4^^D1Z + D^ 1) ) / ( 2.^( AL3-AL4)*( 2.*AL3^<-G4-2.*AL4*G3 ) + (G3-G4) . 

2 *^^ 2 ) (BI 63 ) 

C5Z = ( D4Z-G3^«-C6Z ) /G4 (B159) 

C4Z = (G4*(D2Z-2.*AL4*D1Z)-D4Z+C6Z*(G3-G4) )/(2.*G4*(AL3-AL4) ) (B160) 

C3Z = 01Z-C4Z (BI 6 I) 

P23Z = BE3-^C3Z 
P13Z = C5Z-AL3*C3Z 

P24Z = BE4*C4Z { (B162) 

P14Z = C6Z-AL4*C4Z 

PRINT 13 » CIZ.DIZ ,D2Z ,D3Z *D4Z »C 6 Z >C3Z »C4Z *C3Z »P23Z»P13Z »P24Z*P14Z 
A4T = U33/DD4 \ 

A 3 T = U32/DD4 ( (EL 68 ) 

A2T = U31/DD4 
AIT = U30/DD4 
AOT = U29/DD4 

PRINT I3f A4T *A3T ,A2T ♦ AIT , AOT 

CIT = A0T/(G3*G4) (BI 70 ) 

DIT = A4T-C1T 

D 2 T = A3T-C1T^WB4 / (BI 7 I) 

D3T = A2T-C1T*WB3 
D4T = A1T-C1T*WB2 

C 6 T = (2.*(AL3-AL4)*(G4*D3T-D1T*G4**2-2.*AL4*D4T) + (G3-G4)*(-G4^<-D2T (BI 72 ) 



4 
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■AL4*G3 ) + ( G3-G4 ) 



1+2 .*AL4*G4*D1T+DAT ) ) / ( 2. *( AL3-AL4 )*(2.^AL3^<-G4-2.' 

2*-i^2 ) 

C5T = (D4T-G3*C6T)/G4 (BI73) 

C4T = ( G4* ( D2T-2 . ’“AL4^f D1 T ) -D4T + C6T* ( G3-G4 ) ) / ( 2 . *G4*( AL3-AL4 ) ) 
C3T = D1T-C4T (2;L75) 



25 

27 



(EL72) 

(317^) 



P23T = 
P13T = 
P24T = 
P14T = 



BE3*C3T 
C5T-AL3*Cr T 
BE 4-i^C4T 
C6T-AL4-K-C4T 



(m. 76 ) 



PRINT 13» C1T,D1T,D2T,D3T,D4T,C6T,C5T»C4T.C3T,P23T.P13T,P24T*P14T 
T = -0.100 



T = T+0, 
EAL3T = 
COB3T = 
SIB3T = 
EAL4T = 
C0B4T = 
SIB4T = 



100 ’ 

EXPF 

COSF 

SINF 

EXPF 

COSF 

SINF 



( AL3-M-T ) 

( BE3*T ) 

( BE3*T ) 

( AL4^f-T ) 

( BE4ii-T ) 

( BE4*T ) 

X = ClX+ ( 1 . / ( BE3-^*-EAL3T ) ) * { ?23X*C0S3T + ?1 3X*£ I B3T ) + ( 1 . / ( SE4*EAL4T ) ) (B149) 

1 ( P24X-i^C0B4T + P14X*S I 04T ) 

XD = (-AL3/(BE3*EAL3T) )*(P23X-'^C0B3T + P13X-SIB3T) + (1./EAL3T)*(-P23X (KL 5 O) 
l*SIB3T + P13X^^COB3T ) - (AL4/(BF4^i-EAL4T)'*( P24 X*C0B4T+P 1 4X*S I B4T ) 

2+( 1 ./EAL4T ) * (-P24X^^•SIB4T + P14X•i^C0B4T ) 

XDD = ( ( AL3-^*2-BE3*^2)/(BE3^^EAL3T) P23X*COB3T+P13X*SI33T)-(2.* (BI 51 ) 



1AL3/EAL3T)^<-(-P23X*S I B3 T + P 1 3 X^^-COB 3 T ) + ( ( AL4*-«-2-BE4**2 ) / ( BE4-«-EAL4T ) ) * 

2 ( P2 4X*C0B4T + P1 4X*SI B4T ) - ( 2 . *AL4/EAL4T ) * ( -P24X^;-S I B4T + P 1 4X*C0B4T ) 

Z = ClZ+(l./(BE3-i^EAL3T) )*(P23Z^-COB3T + Pl 3 Z*SIB 3 T) + (l./( 3 E 4 i:-EAL 4 T) )* (BI 63 ) 
1 ( P24Z*C0B4T+P14Z*SIB4T ) 

ZD = ( -AL3/ ( BE3*EAL3T ) )* (P23Z^*-C0B3T + P13Z^^SI B3T) +( 1 ./EAL3T)*(-P23Z (EL64) 

l*SIB3T+P13Z*COB3T)-( AL4/ (BE4+EAL4T) ) * ( P24Z^ C0B4T+P1 4Z*S I B4 T ) 

2+{ 1 . / EAL4T ) * (-P24Z*SIB4T+P14Z^-C0B4T ) 

ZDD = ( (AL 3 ** 2 -BE 3 -;^<^ 2 )/(B£ 3 *EAL 3 T) )*(P23Z*COB3T + P13Z*SIB3T)-(2."'J (BI 65 ) 

1AL3/EAL3T ) * ( -P23Z*S I B3T + P1 3Z*COB3T ) + ( ( AL4**2-BE4**2 ) / ( BE4*EAL4T ) ) 

2 ( P2 4Z*C0B4T + P14Zi'^SIB4T) - (2 .*AL4/EAL4T) *(-P2 4Z-^SIB4T+P14Z’'^-C034T ) 

TH= C 1 T +(1 ./(BE3*EAL3T) ) * ( P 2 3 T*COB3 T+P 1 3 T*S I B 3 T ) + ( 1 . / ( BE4^^EAL4T ) )* (BI 77 ) 
1 ( P24T*C0B4T + P14T«-SIB4T ) 

THD= (-AL3/(BE3*EAL3T) ) ^ ( P 2 3 T*C0B3T+P 1 3 T*S I B 3 T ) + ( l./EAL3T)*(-P23T (BI 78 ) 

l*SIB3T+Pl3T*COB3T)-{ AL4/ (BE4^EAL4T))*(P24T*C0B4T+P14T*SI34T) 

2+( 1./EAL4T)*(-P24T*SIB4T+P14T*C0B4T ) 

THDD= ( ( AL3-^-«-2-BE3*^^2 ) / (BE3*EAL3T ) ) -^^ ( P2 3 T*COB 3 T + P 1 3T*S I B3 T ) - ( 2 « * (B179) 



lAL3/EAL3T)-;f-(-P2 3T*SlB3T + Pl3T*COB3T) + ( ( AL4^^*-2-BE4*^^2 ) / ( BE4*EAL4T ) ) 
2(P24T*C0B4T + Pl4T*SIB4T)-(2.-«-AL4/EAL4T)*{-P24T-!fSIB4T+P14T*C0B4T) 

FBZS = -tb*th + tb*xd*th/vi-tf^^z-tf*cgcf*th-dh*zd-xm-zdd 



(B92) 



WRAT = FBZS/ ( V1*DIS ) (B214) 

VAX = XD-(HGK+Z)*THD (BI 63 ) 

TT = T+T2 

PRINT 26» TT »T .X.XD*XDD»Z.ZD»ZdD»Th»THD» i HDD»FBZS»WRAT »VaX 
26 FORMAT (14H TOTAL T I ME= » F 1 1 . 5 » 5H T=,F11.5/5H X=»F11.5, 

16H XD=*F11.5.7H XDD= » F 1 1 . 5 / 5H Z=.F11.3,6H ZD=*F11«5, 

27H ZDD=»F11.5/6H TH=,Fll.5»7H THD= . FI 1 . 5 , 8H THDD=»F11.5/ 

38H FBZS=,E12.5.8H WR AT = » F 1 0 . 6 » 7H VAX= , F 1 1 « 5 / / ) 

TESTl = A 1 l^^XDD+Bl 1*XD+A12^^ZDD+B12-“ZD+C12">Z + C13*TH-D13 (B 95 ) 

TEST2 = B21*XD+C21*X + A22*ZDD+B22*ZD+C22^^Z+/5 23*THDD+B23^^ThD+C23*TH- (eLOO) 
1D23 

TEST3 = C31*X+C32*Z+C33*TH-D33 



(BIO 3 ) 
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PRINT 13, TESTl ,TEST2 ,TERT3 
IF (VAX) 30,30,31 

30 IF (VAX-rO.02) 29,28,28 
29 T = T-0.005 

GO TO 27 

31 IF (VAX-0. 02) 28,28,25 
28 TT3 = TT 

T3 = T 
X3 = X 
XD3 = XD 
XDD3 = XDD 
Z3 = Z • 

ZD3 = ZD 
ZDD3 = ZDD 
TH3 = TH 
THD3 = THD 
THDD3 = THDD 
FBZ3 = FBZS 
WRAT3 = WRAT 
VAX3 = VAX 

PRINT 32, TT3»T3,X3,XD3,XDD3,Z3,ZD3,ZDD3,TH3,THD3,ThDD3,FBZ3, 
1WRAT3,VAX3 

32 FORMAT (17H STATE 3 VALUES/IAH TOTAL T I ME= , Fl 1 . 5 , 6H T3=, 

1F11.5/6H X3=,F11.5,7H XD3 = , F 1 1 . 5 , 6H XDD3= ,F1 1 . 5/6H Z3=, 

2F11.5,7H ZD3=,F11.5,8H ZDD3= , Fll . 5/7H TH3 = , F 1 1 . 3 , 8H THD3= , 

3F11,5,9H THDD3= ,F11.5/ttH FBZ3 = , El 2 . 5 ,9l-: WRA T3 = , F 1 0 ♦ 6 , 

A8H VAX3=,F11.5//) 

PRAT = FZC2/FBZ3 
IF (PRaT-1.0) 42,44,4A 

42 PRINT 43, PRAT 

43 FORMAT (46H CAUTION, CRUSHING FORCE / SLIDING FORCE IS ,F8.3//) 

44 GAX3 = P4-X3 (E8t) 

GAZ3 = HGK + Z3 (b86) 

01 = CGCF + GAX3 (KL92) 

A4 = GAZ3/ ( Ol*TF ) -GM-«-CGCF/ ( TF-^Ql^^'i-2 }-GM*GAX3/ ( TF*Q1**2 ) 

B4 = GAX3 + GAZ3-^TH3 + GAZ3*Z3/Q1-GAZ3*GaX 3-=^TH3/01 + DIS-^GM/(G1*TF) 
1+GM*Z3/01-GM*GAX3*TH3/Q1-2 .^i-GM*CGCF*Z3/Ol^^*2 + 2 .*GM*CGCF*GAX3*TH3/ 
201**2-2 .*GM^^G AX 3^^-Z3/ 01 **2 + 2 .^<-GM^GAX3*^«-2*TH3/Q 1**2 (B19^) 

C4 = DI S*GM*Z3/Q1-DIS*GM*GAX3*TH3/01+TF*GM*Z3**2/Q1-TF*GM*Z3*GAX3* 
1TH3/Q1-TF*GM*GAX3*TH3*Z3/01+TF*GM*GAX3**2>^TH3**2/Q1- ( TF*GM/Q1**2 ) * 

2 (CGCF*Z3**2+CGCF*GAX3**2*TH3**2-2 .*CGCF*GAX3*Z3*TH3+GAX3*Z3**2+ 
3GAX3**3*TH3**2-2.*GAX3**2*Z3*T|13 ) 

PRINT 13,GAX3,GAZ3,01 ,A4,B4,C4 
DISCS = (B4**2 )-4.-fA4^i-C4 
IF (DISCS) 34,33,33 

34 PRINT 13, DISCS 
GO TO 36 

33 RAD = SQRTF (DISCS) 

FBZ4 = ( -B4+RAD ) / ( 2 .*A4 ) 

WRAT4 = FBZ4/(V1*DIS) 

TH4 = -FBZ4/ (01*TF ) -Z3/Q1+GAX3*TH3/Q1 
Z4 = Z3+GAX3*( TH4-TH3 ) 

X4 = X3 

PRINT 35, X4,Z4,TH4,FBZ4,WRAT4 

35 FORMAT (17H STATE 4 VALUES/6H X4=,F11.5,6H Z4=,F11.S, 



I (KL95) 

(B214) 

(B193) 

(bi86) 



.VH I T E R A 



17H THA=»i-ll»5/26H VERTICAL FORCE AT BOW =»E12.5/16H 

2TIO =,F10.6//) 

COBA5 = C0SF(5A+TH4) 

SIBA5 = SI NF ( BA-rTH4 ) 

A7 = COSAif-COBAS + FS-K-S I BA5 (3200) 

B7 = -COSA^SI BA3 + FS^>‘C0BAS (3201) 

ET = FRZ4/( (A7/B7)*C0SF(Th4)-SIi\F(T|'4) ) (B202) 

rat = et/tb 

PRINT 40»ET»RAT 

40 FORMAT (22H EXTRACTING THRUST =.E12.5/50H RATIO OF EXTRACTING 
ITHRUST TO BOLLARD THRUST IS ,F15.3//) 

GO TO 36 

END 

DATA 



250. non 


62.000 


25.750 


11880000.000 


0.523 


0.086 


10.000 


0.724 


-4.300 


-3.300 


22.750 


6.750 


50000.000 


240.000 


0.200 


0.800 


43200.000 


250.000 


62.000 


25.750 


11880000.000 


0.523 


0.866 


10.000 


0.724 


-4.300 


-3.300 


22.750 


6.750 


50000.000 


240.000 


0.200 


0.800 


50000.000 


250.000 


62.000 


25.750 


11880000.000 


0.523 


0.386 


6.000 


0.724 


-4.300 


-3.300 


22.750 


6.750 


50000.000 


240.000 


0.200 


0.800 


43200.000 


250.000 


62.000 


25.750 


11880000.000 


0.523 


0.886 


6.000 


0.724 


-4.300 


-3.300 


22.750 


6.750 


50000.000 


240.000 


0.200 


0.800 


50000.000 
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Ihe Dost important output of the program is the relatively sus- 
tained downward force vmder the bow dixrlng State 4. 

= Veiiilcal Force at Bov, lbs. 

In addition other output is available as follows; 

X4 « Forward motion from Initial point of contact, ft. 

Z4 * Vertical position of the center of gravity relative 
to the original position at the time of contact, ft. 

ra4 X 0^, Final tarim, radians 

F 

WRAT X "White Ratio" = (^Eiiii;«nent)( Impact velocity) 

ET X Extracting thrust, lbs. 

RAT X Extracting thrust/Bollard thrust, dimensionless. 

Other informaticsi is readily available (if desired) as a function of 

time. 

Forward position and its derl'vntives X, XD, XD(D x x, x, x* 

p 

(ft, ft/sec, and ft/sec ) 

Vertical position of the center of Z, ZB, ZBD = z, z 

p 

gravity and its derivatives (ft, ft/sec, and ft/sec ) 

TH, THD, TKDB « 0, 6, 0 Pitch angle and its deiivatives 

p 

(radiams, rad/sec, and rad/ sec*) 

Ppg Dovan.'Brd force under bow during all phases as a function 



of time, lbs. 
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other otrt^ut Is available directly but ie only incidental to the 
solution of the basic problem. TMs includes total mass, Includins 
vlrtvjal (in each sense, x, %, ©), re^tis of syration, pounds per foot 
inmersion, pitch damping coefficient, heave dasgjing coefficient, and 
scores of coefficients \ased in the solution. 



^ aiA«r • wmm mL^ 

^ws* •^rf»*»-.i •■!• **-vbmi f ••ir ^ •' 

•^ni ••* * 1 • «oii^ «» 
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Sui table Slnipllfl cations 

Fran Milano *0 vork (l8) it my be seen that the longitudinal inertia 
coeffldeat of the waterplano is approxiraately linear os a function of a, 
the waterplane^ coefficient. 

This may be expressed as 





» 0.030 + 0.1304 (a - 0.65) 



(B203) 
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It Is noted frca the ’^nd Class'' Inclining experiiaent (29) that the 
hei^t of the center of gravity above the keel is 23-^ ft at a draft 
of 26.25 ft, or 

KO = 0.89 H (E208) 

Milano indicates the center of gravity may he ejipressed as follotrs; 

0.95 H == Ka = 1.20 H (B209) 



Let it he assnaed, as an approximation that 

KG * 0.95 H (B210) 

The IcMigitudinal metacentric hei^t, GI^, m£^ he determined hy 
using equations (B205), (B203), (B207)> (B206, and (B210). 






« KG + 






KG 



(B2U) 



Bollard thrust may he appraximated hy using a propeller loading 
factor, T. 



Prop. diam. 

It has been shora (for t%rln screw icehraaJters ) that the ratio of 
propeller diameter to draft varies linearly with design draft (I8). 

^/h “ °-®2 ' ( H - 10 ) = 0.82 

It follows that 



Prop. DLam. » H jo.82 - (H - 10 )j 



(B212) 
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For tvin screw icel)reai:ers the prcrpeller dlaaetcr can he based on 
equation (B212). Frosa this the bollard thrust can be approximted (for 
icebreakers over ^X) ft) by (l8), 

Tg a (0.38)(22l40)(Prop Dlam)^ (B213) 



Parggaetrlc Study » General 

It is ingortant to determine how the variation of a parameter 
effects the sustained downward force. For exsorgiLe, it would seem obvious 
that an increase in displaceaent would yield a greater downward force. 

It is to be noted, however, that there ore sixteen variables as para- 
meters and only a few of these can be considered as a;^roxlnately inde- 
pendent (i.e. , the bow an^e). 

As a ftret basis, assisae an icebreaker the size of a ’\ftnd Class ” and 
see what effect there would be from shifting sane parameters Independently 
within reasoreble limits. 



'Vlnd Class*' Paiuaetere 

H* (length between perpei^culars ) » 

B (beam at waterline) « 

H (draft mean) » 

HtS (displacement ) = 

BA (ig, bow an^e) 

SA (P, spread angle cosipleaent) = 

VI (impact velocity) varies from 0 to 



250.0 ft. 

64.0 ft. 

25.75 ft. 

12,100,000.0 lb. 

0.523 rad. 

0.886 rad. 

2^.0 ft/sec. 
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AL 


(a, waterplone coeff . ) 


« 


0.724 


CP 


(LCF, center of flotation) 


S3 


-1.25 ft 


CG 


(LCG, center of gravity) 


8 C 


-2.40 ft 


GK 


(kg, height of center of gravity) 




23.4 ft. 


0 


(height of thrust line at c.g. ) 


ss 


16.0 ft. 


TB 


(bollard thrust) 


at 


270,000 max. 


(24 


(QM^, long, netacentrle height) 


33 


195.6 ft. 


IK 


(ice/shlp kinetic friction) 


S3 


0.2 


IS 


(ice/ship static friction) 


S3 


0.8 


SIG 


(failuie stress of ice) 


ss 


144,000.0 Ib/ft' 



Some of these properties xaay be varied Independently (i.e. VI, IK, 
SIG). Other jwtraiaeters my be varied within reasonable liMts and mder 
that condition it my be assin^ that they are Independent (i.e. , 7B 
depends on shaft r.p.m. , i;ised during the crushing and sliding, D, CSC, OG, 
SA, BA), The renal nlng paraiaetera (CS-l, CF, AL, DIS, H, B, IP) nay not 
be varied independ^itly. 

®ie impact velocity, VL, will be vailed on siflbsequent sdutloiis 
(from 0 to 25.0 ft/sec, 0 to l4.8 hnots) along with one other parameter. 

The ice/ship kinetic frietlcm, IK, will be varied from 0.1 to 0.3- 
These are reasonable limits (l4), (15). 



* PS is not necessary for the solution of the downward force. 
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The coanprecsive fcdlure stress of the ice^ SIG, vill be varied from 

p p 

25,000 Ib/fb to 300,000 Ib/fb . (30) (Strengths below that would probably 

not give a "Wind C 3 .ass" icebreaJter any difficulty at all ( 37 )• ) It should 
be noted this parameter cannot be controlled. 

As the solution was worked out, it was presumed the bollard thrust (IB) 
would be based on the rpm of the shaft necessary to maintain inpact velocity 
in <q>en water. The varlati<^ in practice, depending on the choice of the 
Coroanding Officer, is from aero-thrust (stopping ships screws at the time 
of initial contact) to maxliauia thrust (by applying full power at the time 
of Ixiitial contact, as was done during the I963 D.T.M.B. - Westwlnd teste 
(37) ). In any event, the solution considers that only a partial thrust 
Is used against the ice until the ship stops. At that point only, bollard 
thrust is coopletely a^dnst the ice. For that reaseax, the bollasrd thrust 
may be considered independent and will be varied from 0 to 270,000 lbs. 
for t^e "wind" class, the maadiaum available. (Other classes will have 
different limits. } 

Kxe height of the thrust line of action, D, measured near the center 
of gravity could reasonably be varied froa 10.0 ft to I8.0 feet for the 
"Wind" doss. It is noted that this Is merely an extrapolation of the 
shafting line and may not in fact tiruly r«^resent the line of action of 
the thrust. The solution disregards any vertical component of thrust when 
the ship is in trim. solution does take into account a vertical 
component as the ship has it's bow raised by the ice. 
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The hei^t of the center of gravity above the keel, CK, Is 0.95 to 
1.2 tlaes the mean draft for laost Icehreekers. In nomal load the "Hind 
CLaso" GK eijuals 0.9I times the mean draft. ! 3 Sieref 03 ?e, CSC will he varied 
from 22.0 ft. t<f 32-*0 ft. for the "Wind" class. It must he noted that 

mast he varied accordingly to keep constant. 

The longitudinal position of the center of gravity, CS 5 , may he 
varied hut this iagdles there is an initial trim which effects, among 
other things, the effective how angle. The secondary effects will he dis- 
regarded. (For e^KBigsle, if the icebreaker is 30" by the bow as the 
result of shifting the center of gravity hadi two feet, the effective how 
angle is increased about 2 0/0. (X 5 will he varied from - 4.4 ft to - 1.4 ft. 

for the "Wind" Class. ) 

The spr^^ angle cooggleaent (the angle from a normal to the hull 
plating to the center line plane, P), SA, may he considered as quite 
independent. A "shaip" how may have P ® 70° while a "blunt" how may have 
P = 20 ®. Therefore, SA will he varied from 1.2 radians (sharp) to 0 .^ 
iradians (blunt). 

Probably the most oftai discvissed variable of Icehrmsker design is 
the how angle, BA, (i^, the angle from the base line to the stem). 

Assuming that the stem is a stral^t line from the forward perpendicular 
hack down to the keel, as this solution does, the lower limit must he of 
the magnitude of 15®. (At about 6 ® the stem becomes the keel of an ice- 
breaker with a large designed drag?) In fact, at this low angle the how 
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angXe cannot be considered cocipLetely independent. However, the bow angle 
will be varied fraa. 0.262 radians (l5°) to 0.80 (about 45^). 

’•White Ratio* * 

It is anticipated that the downward force under the bow in the static 
condition (State 4) following raasalng will be effected approximately 
linearly by displacement and iiT3>act velocity. For that reason, the 
following coefficient nsay be of use in comparison of parameter effects. 
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**Glacler*' dasa Pai^etei’g 
B? « 290.0 tt 
B = 72.5 ft 

H » 28.0 ft 

ms = 8640 terns = 19,350,000.0 It 
m = p® * 0.523 radians 

SA » 50.8® = 0.886 itidlans 

VI = variable 
AL » 0.3 

CP a -1.^5 ft (scaled from VflLnd Class lei^h) 
CG a -2.78 ft (scaled from WELnd Class lengthO 
GK =» 24.5 ft (scaled from Wind Class draft) 

D « 16.8 ft (sealed from Wind Class draft) 

TB =* 455,000.0 lb (4) 

(3^ = 275.0 ft 

FK « 0.2 

FS =» 0.8 

SIG = 144,000 Ib/ft^ ( 3() 
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'*Leiiln*' Class Parameters (4) 



BP 




420.0 Tt 


B 




90.0 ft 
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30.25 ft 


n£S 


rs 


16,000 tons = :s, 800 , 000.0 lbs. 


BA. 


3S 


30 ° = 0.523 radlnns 


SA 


SS 


50 . 8 ° « 0.886 (est. eqvial to Glacier, 


VI 


=s 


variable 


AL 


= 


0.80 


CF 


s: 


-2.10 (scaled from VK.nd Class length) 


CG 


S3 


-4.04 (scaled from Wind Class length) 


(BC 


S3 


27*5 (scaled frcM Mind Class draft) 


D 


ss 


18.8 (scaled from Wind Class draft) 


TB 
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730 , 000.0 lb 




S3 


545.0 


JK 


St 


0.2 


FS 


= 


0.8 


SIG 
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144,000 Ib/ft^ ( 3C) 
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As noted previotmly, sojae of the variehles may not be varied in- 
dependently. For exoE^ile, a change in a, the ^reiterplane coefficient vill 
cause a change in pounds -per -foot -immersion (TP), the hei^t of the center 
of buoyancy (Kl), and the distance from the center of buc^ance to the 
longitudinal metacenter There could be a change in the hei^t of 

the center of gravity but it will be assumed this is unchanged. For the 
sake of coi;i>ariscHa it shall be assumed that the displacement does not 
change (the blodc coefficient remains constant). !Biis ir^ies that if the 
hl^er wateiplones have an increased coefficient, the lower waterplanes 
must have a decreased coefficient. 

Assume that ci is changed over a range from O.JO to 0.8^, then. 
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= 0.030 + 0.1304 (a - 0 .^) 


(B203) 
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64.2 LM 
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(B206) 
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(B207) 




. KB + Bft - KG 


(B211) 
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Ubilizlng the equations listed above the coEiputer program may then 
give results based on a change of Qt and consequently a change of (3ij^ 
end pounds -per -foot imaersion (the latter is already a calculation con- 
tained in the program). 

It is possible to assume that the longitudinal position of the center 
of flotation varies sll^tly. VBLthin reasonable limits other teims may be 
held constant even thou^ a change in ship form -would be necessary so as 
not -to introduce trim. (However, displacement, l«igth, draft, and -the 
coeffldLenta could remain constant. ) It will be asstaaed that -varies 

from 0 -bo -0,010. (For the Wind C3.ass LLF/^^ = -O.OO 5 . ) 

In order to find the effect caused by changing draft, H, -the beam to 



(i.e. dis:E^acement and block coefficient, length). !This l;:^les that the 
product B X H remains cons-tant. Let the beam to draft ratio -vary fixn 
3.0 -to 4.0. 

First determine the product of the parent ship. 




Most other values will be held cons-bant 



B X H =3 C' 
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B » (B - H Ratio) H 
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(b-H ratio) 
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Ibing the value of determined in equation (B215)/ find the new 
dral't H from equation (BZLT) sud. then find the new 1302211, B, from 
equation (B2l6). 

Assume, for the sake of ccQjparison, that 
KG = 0.95 H 

Then utilijjo equations (B203), (B205), (B206, (B2O7), eaid (B21l) to 
determine the con'cspondins longitudinal metaeentric height, By 

entering these changes into the program and by varying beam -to -draft -ratio 
as indicated, the correspondins effect be obtained. 

In most polar icobrecJcers the length -to -bean -ratio is approximately 
1|- to 1. It is possible to deterraine the effect of vB.iyii^ this ratio, ^'^B, 
by modifying the solution but holding displacement, draft, and the block 
and waterplane coefficients constant. ISiis Inplies BP x B resiains constant. 



B? X B a 






BP * (BP-B ratio )B 
B (iS»-B ratio )B « Cgp^ 



^ ~ ' W-B ratioT 



(B2L8) 

(B219) 

(B320) 



(B2a) 



Using the value of determined in equaticm (B2l8), find the new 
bean, B, from equation (B221) and then find the new length, BP, froa 
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equation (B219)- 

Then utilize equations (B203), (B2O5), (B206), (B207), and (B2U) 
to determine the corresponding longitudinal metacentrle height, (24^^. 

By entering these changes into the progrcm and by varying the length -to- 
beam ratio from 3-5 to '^< 0 , the corresponding effect may be determined. 

One method of variation of displacement is to vary the block co- 
efficient ^dvile holding length, BP, draft, H, and beam, B, constant. 

(Assiaae that the vaterplane coefficient of the tmterplane of the effective 
draft resaalns constant.) 

ns = (69.2) LKI 

Eien utilize equations (B203), (B206), (B20/'), and (B2U) to detenaine 
the corresponding loagi.tudinal metacentric hei^t. % entering these 
changes into the program and by varying the blodt coefficient, Cj^, frooi 
O.h to 0.7# the corresponding effect nay be determined. 

IHie effect brought about by changing displacement nay be CMoalned 
by increasing the size of the ship such that the new ship is geoDretrlcally 
similar. To do this, multiply TB (assuming a constant thrust -to -dis- 
placement -ratio), and DIS by (Scale ratio )^, Multiply the following 
length dimensions by the (Scale ratio): 

EP, B, H, CF, CG, GK, D, and 

]Ey utilizing these changes tlKi effect of varying the scale ratio iTesa 0.8 
to 1.6 may be determined for geametricjilly similar ships. 
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Model Parameters 

Let the length of the ship divided hy the length of the model equal 
lambda. 



m 



A (B222) 

It then follows that the linear dimensions must be multiplied by 
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Assuming a constant density fluid (fresh water or sea water), 
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Assuaing a constant thcnaot-to-displacenent ratio, 

3 



TB„ 



a 



™o/A 



Tlxe coefficients are dinenslonless and are not changed- 



AL « AL^ 

XCL S 






WS « F3 
n 3 



Angles are not changed. 
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BH.. 



8A m SA 
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The value for coss^ressive failure stress of ice (or the 
svjpportlngMnedlina) must he changed. 

Pounds force = p g 
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Pounds force 
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Since gravity and dyneiiilco are involved it follovs that 
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It io apparent that the respective Frotide lhaabers must be equal and 
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If these nodfil oaraiMters are used, the values of x and z for the 

n ijx 



laodel in its finol position should equal x 



6/^ 



respectively. 



® in its final position should he equa3. to ©„. The values for force 
m ^ s 

O 

(hoth C3rushing peak and final sustained value) should he related hy , . 
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Equation (B33) Is used in the program in place of equation (b4i) 
because it is more suitable for both model and ship. 

ihe relationship of time of events for the ship to the time of 
events for the model may be developed as follows: 
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C. SaCOLS AMD THEIR TITLES 

!Riis appendix list the symbols generally used in this research, 
Synibols of special or limited vise are defined separately as used in 
this research. 

a - Acceleration, linear 
A - Area in general 
B - Beam at the designed vaterline 
- Ooefftcleot, block => V/(LB„H ) 

ij 'XX 

e « Base of Kaplerian or natural logarithms 
e - Coefficient of restitvition 

f^ a Coefficient of kinetic friction of ice and hull 

f a Coefficient of static friction of ice and hull 
s 

F •* Ftorce in general 

F^j “ Conqonent of force in x direction in lb. 

F^ » Coc^nent of force in Z directlcm in lb. 

Fg » Force against bow perpendicular to stem in S plane, in lb. 
F py, « Coaaponent of force against bow in Z-directlon in lb. 

Fgy = CooQionent of force against bow in X-dlrection in lb. 

♦ ISiese are, for the most part, in agreement with recommendations of 
the Society of Ifoval Architects and Marine Engineers 



4 * 



9 ^**^4 V 



'i" s 


. — V K” 


Wi 


■• 1“ 4>C/ 



<ufn 

( ■ . ■• _• '■, . ^- ’ • ii 



,Ut , - *T 

L>jsAil t., ' - » 

«.( •-Jt.v! * . 

VM 1, . f„ ( =Jv ,•** - k 

. '•»J} * '‘- -V o , * ■ ;.I*>»oO - 

jii/tv-i .r&'o,. i.-'n •; iJD tri'lf-.Lji'Jtt' aC 9*«1 “ • 

■Cx^r: 1.. - 5 



r.Liri tr‘>^ T. i '\t' .’tO 



,2i 



mul ’c o.!?®;'’-? ?i; Z s *.J 



I»" '.i' ti.? 

.tl A*. ^4^’Jr• r*X» X ai .‘O'Sol 1c y’u-^sK/^v'} 

*<'- .fl 'wi'isvtil 1 ort m-j'.-.O*. '5u> 
t?/ -:J **.. I -i rtkie «#,* ■•fiSj.c «ioc .:wii£j}js 

j 1 .f - i&^i. If' ts.'nxt- •yuiO 

4> al rth ^,9 *rjro* Ijc iJr»a»taMj«wiO 






€’ 









■js^ a.l-l> .tnm.- n.t 5%on loi ^♦'ut 

9PtxM. r^’^oo. Irfsttn >r.^’ lf‘ ^,5^JtocO 



-klk- 



g - Acceleration due to gravity 
H - Draft of a floating body or ship 
ig - Slope, bowline or buttock with reference to baseplane, stem angle. 

L - Length, the principal longitudinal dimension of a ship, generally 
length betxjeen perpendictilars 
^ - Amidships In general 

Tjg a Thrust, available for bi-eaking Ice, lb, (ibtal thrust - thrust 

used to overcome non -ice resistance) 
t - Thrust -deduction fraction, » (T - B^)/T 

t - Time in general 

T - Thrust j usually ahead thrust; specifically, thrust developed by a 
propulsion device, lb. 

V - Velocity, linear 
w " Wake fraction of Taylor 

P = Angle with respect to the £ plane of a normal to the shell at the 
bow. (Rote that this is the cos^lt^ient of half the angle of 
"spi^ad” as one looks down the stem line), deg. 

X - Longitudinal body axis, positive forward 
s * Vertical bo^y aads, positive from deck to keel 
Of - Designed waterplane coefficient 

A - (delta, large capital) - Displacement weight in lbs of salt water 
*• Efficiency, general 
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9 - Aji^e of* pitch or trim in a ship, with reference to the designed 

or nomal attitude in the fore-and-aft plane. Its natural 

tangent is the algebraic difference of the changes in elevation 

of the designed waterline at the end perpendiculars, divided by 
% 

the length L. 

- Ratio, linear or scale, full -size body or ship to aodel, genearally 
expressed as a nur^er greater than unity; for exaa^e, 20th scale 
or 1:20 nxxiel, 

CB - Center of buoyance of a body or ship 

CT* - Center of flotation; ^ometric or raroaent center of the surface 
waterplane area 



00 

"l 



center of gravity or center of asss of a body or ship 
Meacenter, for longitudinal inclination 

Metacentric radius for longit\iainfll inclination 



LCG 

LOG 



Metacentric height, longitudinal, froea CO to C?^, for longitudinal 
Inclination 

Longitudinal center of flotation abaft ^ 

Longittzdinal center of grevity abaft ^ 
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Abbrevlatlons for Itolts of Meastircment 



ft - foot 
2 

ft - sqimre foot 
ft^ - cuMc^foot 
lb - pound 

lb ft*^ - poTinds per aqiare foot 
ft “lb - foot-pound 
hp - horsepower 

el^ - effective power. In Bluish horses 
ihp - indicated power, in Bluish horses 
•bp - shaft power, in English horses 
sec - second 

ipn - revolutions per ndnute 
kt - knot, one nautical nilc per hour 
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E. SAMPLE CALCUIATI0H3 

SaimJLe Caltralation uslm; Hunel3erK*s Equation 
Wanted: for U.S.S. Glacier 

Given (l4); * 160 toxis 

Tjjj » (3240 )(i6D) « ^,^00 It. 



Solvcfclon; 



ig ••= 30.0'" 

^ - IK). 3^ 
fj^ = 0.05 

cos 1-, ra 0.866 
o 



sin ig 5» 0.500 

cos {5 » 0.763 



■BS 



IB 



(cos i^ cos P “ f sin i^) 



(sin ig cos P + f coo 1^) 



EZ 



■•IB 





[(0. 



866K0.763) - (0.05X0 



‘500)1 



jj(0, 500) (0.763) + (0.05)(0.866)J 




(A12) 
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^ '''I v^«- 


i»* ^ <k' 


.i A 1 


%»;> * 
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^ (■ • 




-y' 




**♦•. r 


r.4 




^ s 


#1 i* 




^’KH 


3f ^ . 

I# 




■- 




r*'^* e 






» ^1* *. 
L «»l 


* 1 






£ <4#J 








..itj' 



f * f 9CO ^3 * 



j(t-:.::>'‘)*'‘^. .t) - UrfV.vU-ff’i»^0)j ,y.J 



yi \- '. r.) - 



" la^ 






* -V^'- r 



* 



Glacier 



Given (3): 



537,600 1-b 



Fgjr for Stalin Class U.S.S.E. 



ijj - 25.0" 



ig =* Half Entrance angle in ul, plane * 21® 

\ “ 0.05 

sin 1- 

Solution; tan & « r^ ‘ ' "4 ' • 

oSH 

ten ig » tan 21® « 0.384 
sin ig ta sin 25® “ 0.423 

tan ^ ^ " IGG 

3 » 47.8® cos 3 » 0.672 

cos ig » cos 25® = 0.906 



p. 



EZ 



Tjg L(0.906)(0.672) - (0.05K0.423 ) 
|o.423)(0.672) + (o,05)(0.906) | 
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SangiLe Calcvilation uslujy, Karl*s Equation 



Wanted: 
Given (l 4 )i 



Solution: 



"BZ 

A 

9 

L 

H 

C 

BZ 



for U.S.S. Glacier 

= 861*0 tons 
» Variable 
= 290 ft. 

= 28 ft. 

a 0.07 

41*80 A C L sin 9 
“ H 



?BZ , (W 0 )( 86 to^ 0 . 07 )( 290 ) 



I Fj 2 - ^,100,000 sin 9 

GLacier 



0 


sin 0 


P 

BZ 


0 


0 


0 


1 ° 


0.01745 


491,000 lb. 


2 ® 


0,03490 


981,000 


3 ® 


0.05234 


1,470,000 


4 ° 


0.06976 


1,960,000 


5 ® 


0.08716 


2,450,000 



(A26) 
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Wanted; 
Given (3): 



Solixtion: 



for Stalin Class U.S.S.R. 

A « 11,000 tons 
© =a Variable 
L « 335 ft. 

H » 29.5 ft. 

c » 0.07 ft, 

TP 4460 A C L sin 0 

* H 



BZ 






Fb 2 » 39,200,000 sin © 

Stalin 



© 


sin © 


P 

*BZ 


0 


0 


0 


1° 


0.01745 


684,000 


2® 


0.03490 


1,365,000 


3® 


0,05234 


2,045,000 


4® 


0.06976 


2,730,000 


5° 


0.08716 


3,415,000 



(A26) 



t 



5. J.' 1 V r - « j 

- ^ i- 



, 'J) „ 


--■-...% ■ 

V 




Tc C'S 




1 

1 if fii'y '^. 


1 

■ r„ i 

M. j 










r 




i* 


V 


c 


c 


ac «r 


?T^V-C©-<^ 






C^+£O.Ci 




COiJ,C«i<%,S 


vcS.X'.ft 


u. 


<VO»(£.:.a 


-t7v:«^o.g 


"V 









-429- 



Saople Calculation tiaing; Slaonson’s Equation 
Memted: 



Given (l4): 



Fgg U.S.S. (SLacler 



= 160 tons 



Solution: 



T__ s» 

IB 



358,400 lb 



» ^.0'- 



F. 



"13 



BZ ” tan (ig + 0) 




Glacier 



(A43) 



0 



"IB 



BZ 0.577 



» 1.73 T. 



IB 



IB 

^BZ “ 0.(^25 



1.60 T. 



IB 



Try 9 = 0 = 358,400 lb 



Pb 2 « (1.T3)(358,400) = 620,000 lb 



A check agaixist Figure II, Karl's Equation, shows that the trin 
o 



would be about 1 . 

,0 



Try 9 



Tjg » 358,400 lb 



Fgj, « (1.66X358,400) 



595,000 lb 
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TM.S is in approxinate agreement with the trim indicated hy Kari. 



Wanted: 




Fpy, for Stalin Class 


Given (3): 

% 


S = 


25.0° 
















^BZ 

1 


tan (25° 


+ 0) 




9 : 


. 0® 






9 < 


= 2° 


^BZ 


= 1.96 Tjg 



^•r u' - ^ * * • vx> li ’ 



*.• * 









?r* 



ft 

"€ « 



( 



Siajgple Calculation 'based on Pd.s Research 
Assume the follo^djag paraiiieterB are known or can be suitably 
approximated : 

Ship 

L = Length between perpendiculars, ft. 

B « 'Hhterline beam, ft. 

H = Bormol draft, ft. 

A s Normal displacement, lb. 

ig = Angle froES base line to stem, radians 

S a Angle of noraal to bov plating with respect to centerline 
plane, radians 

=» Velocity of ship ijaaediately prior to initial contact, ft/sec. 

0! =s Nhtciplans coefficient, dimensionless 
LCF = Distance from amidships to center of floation (+ If foxward, 

- if aft), ft. 

LCC = Distance from amidships to center of gravity (+ if forwa3rd, 

- if aft), ft. 

KO a toight of center of gravity above base line, ft. 

d a Height of propeller htd) above base line, ft. 

^BOL * thrust at same rpm as that needed to maintain v^^ 

at approach, lb. 

GMj^ a Longitudinal Metacentrlc Height, i't. 



", jhfxi'.tyi •»«?- »-^*~ 



• J' *-«L *. .'/’t-x 1 ^ •: 'w. *,v - 

V '»• I U '’*?•• • w 

, v - . * 

afi^iC^Sl jAjfsyr. o^ »'X!.' oasr.'' uc* i i •i'aoA 

'tiXi.' • ^ 0 cvt d-^irfp^ n.'lw s>ii.t;sji'r o-j :n •sl'^-A ■ 

ij.TAi.Swi , 

?'. -Vn t '.^n.r. x''.%iisi:tnfs>‘t ;lii& >.o t^ii-oXuV - ^.v 



3 K 9 i^*J!:'»nacLL& ,cc»J 3 il.- j- o 5 fv?£c*^'^<^ • '"' 

.Atfw^w- ‘J'l +) Roiijec-ft *o 'iwifsr rc-J- SDOJSt'iifli 

.•* 1 : 11 - 

lii T T -i 11 +) '^o itwffdo o? BcrlriRAi^ ? hkj'i » lUJ 

,>1 11 - 

11 ,»c±i \t' i..- tfijiZfii »• {.'X 

.ft s»te 9 < 5 i;*' *j •> >’aj»< 3 rc'y^" lo » Jb 

.V <_iw.inlATi jSiwfeswtc 1-. j a** paw* t« ^Ki^jIS naSScE <=> jg^’. 

,«i ^rii two-iijgic as* 

.crl r'i'clnoowd^l jt 3 C t&tfllS-'xoJ •=■ 
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Ice 

“ Coefficient of Idnetic friction between ice and ship, 
dimensionless. 

f^ «3 Coefficient of static friction between ice and ship, 

^ dlmensi onless . 

a Compressive fatlxjre stress of ice (during the local 
crushing) Ib/ffc^ 

Values will be selected (or assumed) based on the C.G.C. Westwind. 
L » 250.0 ft. 

B = 62.0 ft. 

H =. 25.75 ft. 

d = ( 2240 )( 53 D 0 ) « 11.88 X 10 ^ lb. 

i^ = 30" = :^-=- » 0.523 radians 

B P /.3 

^ a 50.8^ » “ 0.886 radians 

^ f * *3 

= 6.0 ft/ sec 
a = 0.734 

LCF » - 4. 3 ft (assumed) 

LCG =* -3.3 ft (assumed) 

KG « 22.75 ft (as3;m»ed) 
d a 6.75 ft (assumed) 



C C ,• 

•M l—K» ajk “ 



• r 



< ^ ^-4 ■” V . ^ > ! * " . . r » . I .^- _. , ,1 



* »5l.' 



^ .1^ 3 



A-' V-" *--*i * -^: » 



r- . - i^ 



.-i ' 



a ^ i » A 

• 9 ^-' ‘ '9 ^■f^* ' • — — f «■ 

fcO ,£h--- # '•■■C*. ( »• ^ c>' . • 

^ ** 

ii V - '* 

n t ^ ' • ^01 

,1 , •. - »; 

** c, It - ^ 



-^ 33 “ 

^BOL “ 50.0 X 10^ ll3s (38) 

(Rote; 49.6 rpm at 0 towrope pull gives 6 knots 10 ft/sec 
49.6 rpm at 0 ft/sec gives 

(2^ » 2hO ft 

« 0.20 (assxaned) 

f = 0.80 

s 

• 3^7 psi =« 50,000 Ib/ft^ 

See (a) 



I 



M I 



*rrrS - x.i" " 

• x**' «■ » - 4 ,’ V- 



>■ 






• /% 









* 3 >) 






BP 


zs 


250.000 B = 


62.000 H 


55 


25.750 


DIS = 


11830000. COO 


m. 


a 


.523 SA «= 


.886 Vl= 


6.000 


AL » 


.724 


CP 


s 


-4. 300 CG « 


-3. 300 GK= 


22.750 


D = 


6.750 


TB 


s 


50000.000 (24 = 


2to.ooo m= 


.200 
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x» 15.40564 
Zf . -1.13655 

Tlla .03912 
FBZS» .82186E 



3.69430 

XDb 

ZXh 

THEfc: 

06 WRAT= 
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1.08(S3 XDIb 

-. 28582 ZDEfe 

.00276 THDI>* 
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.031691 VAX= 
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-.00761 
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x= 15.67360 




4.09430 

Xttx 


T= 3.00000 

.26060 XDD= 


-2.03286 


-1.23320 




ZEb 


-.19399 ZDIb 


. 25425 


Ta= .03960 




THIb 


-.00033 ^Ib 


-.00746 


FBZSa .83366E 
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.011696 VAX= 


. 26 U 9 


-.1430s 01 
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. 1073 E- 05 
Total TiBiea 
Xa 15.68952 




4.19430 

XDtr 
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.05809 XDD= 


-2.01659 


Zb -1.25131 




ZDa 


-.16804 ZDIb 


.26458 


T 3 = .03953 




THEb 


-.00107 THDIb 


-.00731 


CM 

CO 


06 


WRAT= 


.011676 VAX= 


.05997 


-. 1462 E 01 
-.4187E 01 
.1431E- 05 

Total Tlme== 

15.68523 
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XDa 
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-.14259 XDD= 
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.I55OE- 05 

Total Siiae= k. 28930 

15*68597 ‘ XD* 

z» -1. 26807 zrt 

TE= .03939 TSDb 

PBZSa .82933.E 06 mT= 



T*= 3.19500 

-.13260 XDDfe 

-. 142 J »8 2 DI>= 

-.00176 THDIb 

.0116^ VAX= 
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-,i 442E 01 
-.4187E 01 
.155OE- 05 
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TSa ,03940 

.8295OE 06 
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XD= -.12261 3030= 

ZEb -.14384 ZDIb 

THIb -.001^2 THDDfc 
mT= .011637 VAX«= 



- 1.99860 

.27282 

-.00716 

-.11963 
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-.1451E 01 
-.kl&lL 01 
.I55OE- 05 

Total Tirje= 4.27930 

x» 15.68719 xrt 

2^ -1. 26463 2lb 

TIfc= .039li^l TSD= 

JBZ&* 82969E ^ WRAT= 



T= 3.18500 

>.11262 XDB= 

-.14521 ZDCte 

-.00169 THEDb 
. 011640 VAX= 



-1.99968 
. 27239 
- 00716 
-.10969 



-.i 446 e 01 
-.5I87B 01 
.1550E- 05 

Total Tiiae:= 4.27430 

X= 15.68773 XD= 

Z= -1. 26390 ED= 

TH= .03^2 

FBZS= .829^E 06 WRAT» 



iv= 3.18000 

-.10262 XDD« 

-.14657 2W>» 

-.00165 THDDk. 
.011643 VAX» 



-2.00075 

.27196 

-.00717 

-.099^r5 



-.1453E 01 
-.4187E 01 
.143IE- 05 

Total Tiraea 

x= 15,68822 
a. -1.2633.7 
051= .039^3 

FBZS= .83OO6E 06 



4,26930 T= 3.17500 
XEtr -.09261 XDIb 

iilfc -.14793 ZD1>» 

THI>» -.00162 THDD= 

WRATa .011645 VAX* 



-2,00181 

.27152 

-.OO7IB 

.,08960 



-,1432E 01 
-.5I87E 01 
.I669E- 05 
Total Tljnea 
X* 15.68866 
Z= -1.26242 
TE= .039^3 
FBZS* .83024E 06 



4.26430 T= 3.17000 
XD* -.08260 X33I>= 

ZD* -.14928 ZI3Eb 

THIb -.00153 THDDb 
WRAT* .011648 VAX* 



-2.00287 

.27IOS 

-.00719 

-.07985 



-I445E 01 
-. 4l8^ 01 
.I55OE- 05 
Tiiae^ 

Xb 15.68905 
2b -1. 26167 
TH= .039^ 
EB2S* .8304IE 06 



4.25930 T= 3.16500 
XD* -.07258 XIBb 

ZD* -.15064 ZDD= 

THD* -.00154 THUD* 
\©AT= .011^0 VAX* 



-2.00391 

.27063 

-.00720 

-.06990 
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-.144TE 01 

-.3187E 01 
.1669E- 05 
Total Tiine= 




4.25430 


Ta 


3.16000 




x= 15.68938 




XDa 


-.06256 


XDIb 


-2.00494 


^ -1.26092 




ZD= 


-.15199 


ZDD= 


. 27019 


Tlixr .039*^5 




THDa 


-.00151 


THDD* 


-.00721 


FBZS= .83058E 


06 WRATa 


.011652 VAX« 
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Total Time= 




4. 24930 
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x= 15.68967 
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XDIb 
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Ta= .03946 




THI>= 


-.00147 


THDDa 


-.00721 
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.143IE- 05 

Total Ttmea 
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3.15000 
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-1.25938 




ZIfc 


-.154^ 


ZDIb 


. 26928 
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THDte 


-.00144 


THDDta 


-.00722 
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-1. 25861 




ZI^ 


-.15603 


ZDD= 
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THIb 
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THDDa 


-.00723 


FBZS= .83IO6E 


06 


WRATa 


.011659 VAXa 


-.03003 


-.1472E 01 
-.2188E 01 












.I3IIE- 05 
Total Timea 




4. 23430 


Ta 


3.14000 




x= 15.69023 




XBa 


-.02242 


XDIb 


-2.00898 


Za -1. 25782 




ZD= 


-.15738 


ZDD= 


.26837 


.03948 




THDte 


-.00136 


THDD» 


-. 00724 


FBZS= .8312IE 


06 


WRATa 


.011661 VAXa 
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Total Tiiae= 


4.22930 


T= 3.13500 




15-69032 


XD» 


.01237 XDD= 


-2.00997 


z= -1.25703 




.15872 ZDD= 


.26790 


TS= .039^ 


THBh 


-.00133 THDEb 


-.00725 


FBZS= .83135E 


06 VJRATs 


.011663 VAX= 


-.01006 



Test 1 = -.1437E 01 

Test 2 = -.6187E 01 

Test 3 = .I3IIE- 05 

State 3 values 
Total Tiiae= 


4.22930 


T3= 


3.13500 




X3= 15.69032 


XD3= 


-.01237 


XDD3* 


-2.00997 


Z3= -1.25703 


ZD3= 


-.15872 


ZDD3= 


. 26790 


■ra3= .03948 


THD3= 


-.00133 


TIiDD3= 


-.00725 


FBZ3= .83135E 


06 WRAT3= .011663 


VAX3= 


-.01006 


GAX3= .II76E 03 
GAZ3= .II743E 01 
.II86E 03 
A4 = -.2788E- 05 
b 4= .I629E 03 
C4« -.14 i 8 e 09 

State 4 values 
X4= 15.69032 


(^7) 

(b86) 

(EI92) 

(BI94) 

Z4= 


-1. 26647 


TH4« 


.03940 (X3 )(bi 86 )(eL 93) 


Vertical Force at Bow = 


.88404 e 


06 


(BI95) 


Wilhite Ratio = 


.012402 






(B214) 



Extracting GSimst » . 31676E 06 

Ratio of Extracting ©irust to Bollard Thrust IS 



(B202) 

6. 335 
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